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 Concrete bridges play an important role in the transportation network. However, there are 
more than 56,000 bridges that have been identified as structurally deficient in the U.S., especially 
those bridges located in the Northern part of the U.S. where harsh climate inflicts severe damage 
to the structural integrity and durability of the bridges. Among all types of damage, the 
distressing of end regions in bridge girders is very commonly observed. This damage could be in 
the form of cracking and spalling of concrete and steel corrosion. This research focuses on 
addressing this type of damage through innovative repair methods using two novel materials, 
namely fiber reinforced polymers (FRP) and shape memory alloys (SMA). On one hand, FRP 
has attracted researchers’ attention because of its high strength-to-weight ratio and corrosion 
resistance. However, the benefits and effectiveness of repairing concrete girders with damaged 
ends using FRP, especially if the damaged region is localized at the end (i.e. under very short 
shear span) have not been studied in depth yet. On the other hand, SMA is a new class of 
material that is capable of restoring its original shape after being excessively deformed simply by 
heating. This “shape memory” phenomenon offers significant ease when applying prestressing in 
very localized regions where conventional prestressing technique is not feasible. This research 
utilizes experimental and numerical approaches to explore the effectiveness of using FRP 
laminates and precast prestressing plate (PPP) reinforced with SMA, i.e. SMA-PPP, to repair and 
strengthen concrete girders with damaged ends. Since the specific damage described above is 
mainly localized at end regions of precast prestressed concrete (PPC) girders where beam theory 
is no longer applicable, the behavior of end region (D-region) repaired/strengthened with FRP 
and SMA is studied using strut-and-tie model (STM). The research tasks carried out comprises 
conducting three-point-bending tests on full-scale PPC girders repaired with FRP laminates. In 
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addition, small-scale experimental tests are carried out to prove the feasibility of applying 
prestressing using SMA-PPP and to investigate different connection methods to mount the PPP 
externally on concrete structures. Finite Element Analysis (FEA) and parametric studies are also  
performed on PPC bridge girders to explore the effect from various repair systems/designs on the 
capacity and ductility of the PPC girders using both FRP laminate and SMA-PPP. The results 
from parametric studies are used to generate and calibrate the STM, which is adopted to analyze 
the shear capacity of PPC girders repaired with both FRP laminate and SMA-PPP. Accelerated 
aging test is utilized to study the long-term behavior of NiTiNb SMA reinforcement followed by 
a series of tests including mechanical and microscopic testing. The impact of SMA heating on 
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CHAPTER 1: INTRODUCTION 
 
1.1 PROBLEM DESCRIPTION 
According to the American Road & Transportation Builders Association (ARTBA), there 
are over 54,000 bridges that are structurally deficient in the U.S. (ARTBA 2018). Most of these 
bridges are located in the Midwestern and Northern states where harsh climate has detrimental 
effect on the durability of structures leading to accelerated deterioration of bridges. Among all 
structural deficiencies of bridges, one severe problem that jeopardizes the integrity and safety of 
concrete bridges is the damage of the girder’s end regions, which is typically in the form of 
cracking and spalling of concrete cover and corrosion of steel reinforcement as shown in Figure 
1.1. One reason that contributes to this type of damage in concrete girders is the failure of 
expansion joints allowing deicing chemicals to leak through the joint onto the concrete girders. 
Under the influence of water and chloride ions, the concrete property is deteriorated and steel 
reinforcement starts to corrode. Steel corrosion eventually leads to the cracking and spalling of 
concrete. The spalling of concrete would expose steel reinforcement to harsh environment, which 
in return accelerates the corrosion rate of steel. Another reason that causes such damage is 
freeze-thaw cycles that concrete bridges experience during their service life. Excessive freeze-
thaw cycles would cause internal stress to build up inside the concrete causing cracking as well 
as widening of existing cracks. Due to the localized nature of this type of deficiency, the 
damaged region only develops within a few feet from the end of the girder undermining the shear 





Figure 1.1 End damage of concrete bridge girders: (a) cracking of concrete cover (Yen et al. 
2011); (b) exposure and corrosion of steel reinforcement. 
 
 
Figure 1.2 Mortar repair of girder end. 
  
As a quick fix for such problem, mortar is commonly utilized to replace damaged 
concrete and restore the original shape of the concrete girder as shown in Figure 1.2. 
However, what deeply concerns the engineers is that the effectiveness of mortar repair to restore 
the shear capacity of the damaged end remains unknown. Recently, fiber reinforced polymer 
(FRP) composites have been widely used as a repair material for damaged structures. Studies 
have shown that externally bonded FRP laminates could restore and strengthen both flexural and 
shear capacities of concrete bridge girders (Tedesco et al 1998, Nanni et al 2001, Carmichael and 
Barnes 2005, Belarbi et al 2011, Shaw and Andrawes 2017, among many others). However, 
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there are some drawbacks related to the application of externally bonded FRP laminates; the 
major of these being the vulnerability of exposed FRP to UV light and harsh climate conditions. 
This is particularly important in the case where FRP is used to repair damaged end regions in 
beams where the leakage of deicing material and freeze-thaw cycles are always potential 
hazards. Moreover, covering the repaired concrete with FRP laminates makes it quite difficult to 
conduct future inspections of the repaired concrete. These shortcomings motivated researchers to 
investigate using covered reinforcement for repairs like near surface mounted (NSM) FRP rebars 
(De Lorenzis and Nanni 2001, Nanni et al. 2004, Parretti and Nanni 2004, Jalali et al. 2012). 
However, the use of NSM FRP rebars at the girder’s end regions might not be feasible due to the 
lack of space for rebars to be sufficiently developed in the web. 
 Furthermore, due to the nature of the damage mechanism, the damaged region is mostly 
concentrated at the end region, which mainly compromises the shear capacity of the girder. For 
such short shear span, the damage pattern of the concrete girder is mostly governed by “Arch 
action” instead of “Beam action”. Studies related to damage repair in short shear spans, 
especially in discontinuity-regions (D-regions) are quite lacking. As a result, the girder behavior 
of D-region under damage and after repair still needs to be investigated. 
 
1.2 OBJECTIVES OF RESEARCH 
 To address the problems described above, this research focused on studying the repair 
and strengthening of distressed end regions of prestressed concrete bridge girders using advanced 
materials, namely FRP and shape memory alloys (SMAs). SMAs are a class of new metallic 
materials with unique ability to apply prestressing using heating, i.e. without the need for 
mechanical stressing. The dissertation adopted both experimental and numerical approaches to 
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explore the application of both FRP laminates and SMA prestressing wires as repair methods for 
damaged end regions of bridge precast prestressed concrete (PPC) girders. The objectives of the 
research are: 
• Understand the impact of using FRP laminates as a repair method for end regions of PPC 
girders; 
• Explore the performance of SMAs as a retrofit/repair measure through experimental and 
numerical parametric studies.  
• Investigating the durability of NiTiNb SMA reinforcement under harsh environmental 
and chemical conditions; 
• Developing and validating a strut-and-tie model to predict the shear capacity of PPC 
girders repaired/strengthened using FRP and SMA. 
 To achieve the above objectives, first, three-point-bending tests were conducted on full-
scale PPC girders repaired with carbon FRP (CFRP) laminates to see if FRP laminate could 
restore the shear capacity of the girders. Afterward, an experimentally calibrated finite element 
(FE) model was generated using ABAQUS (Dassault Systèmes 2013). A parametric study was 
performed using the FE model to explore the effect from numerous variables on the efficacy of 
FRP repair method. Second, to utilize SMA as a retrofit material, an innovative prestressing 
technique using a precast prestressing plate (PPP) with embedded SMA wire is proposed. Its 
effectiveness to apply prestressing to adjacent concrete was investigated experimentally. Since 
SMA heating would generate high temperature in the surrounding mortar, the effect from the 
high temperature on the mechanical properties of mortar was explored by measuring the 
compressive strength of mortar exposed to short-term direct heating. Numerical analysis was 
conducted to investigate the applications of PPP in shear strengthening and flexural repair. Third, 
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accelerated aging tests were conducted to evaluate the long-term behavior of NiTiNb SMA. The 
electrochemical behavior, recovery stress and stress-strain behavior of SMA after accelerated 
aging were tested to establish a better understanding of the mechanical performance of NiTiNb 
under harsh corrosive conditions. Lastly, a strut-and-tie model (STM) was developed and 
validated by the experimental and analytical results to prove its accuracy to predict the shear 
capacity of PPC girders repaired/strengthened using FRP and SMA. 
 
1.3 DISSERTATION OUTLINE 
 The dissertation is outlined as follows: Chapter 2 presents literature review to provide 
background on the existing work pertinent to the research topic including non-prestressing and 
prestressing techniques using both FRP and SMA to repair/strengthen concrete beams. Chapter 3 
presents experimental testing of full-scale PPC girders with damaged ends using CFRP laminate 
repair system. Chapter 4 presents results of the numerical parametric study on the repair of 
concrete end regions using FRP laminates. Chapter 5 presents experimental work on proving the 
feasibility of applying prestressing using SMA precast prestressing plate (SMA-PPP), as well as 
the heating effect on the mechanical properties of mortar. Chapter 6 presents results of the 
numerical parametric study on using SMA-PPP to strengthen and repair PPC girders in shear and 
flexure. Chapter 7 presents a study on the durability of NiTiNb SMA under harsh environmental 
conditions. Chapter 8 presents the analytical work performed to develop and validate a strut-and-
tie model and to predict the shear capacity of PPC girder retrofitted using FRP and SMA. 





CHAPTER 2: LITERATURE REVIEW 
 
This chapter presents literature review on the subjects pertinent to the topics of the 
dissertation. The literature review includes giving background on the two innovative materials 
used in this research, namely fiber reinforced polymers (FRPs) and shape memory alloys 
(SMAs). Examples of the applications related to these two types of materials and the practical 
issues involved in these applications are presented. Emphasis is placed on summarizing the work 
conducted on the strengthening and repair of concrete structures using FRP and structural 
applications using the unique properties of SMA.  
 
2.1 FIBER REINFORCED POLYMERS 
 Fiber reinforced polymer (FRP), also known as fiber reinforced plastic is a composite 
material consisting of fiber fabrics and polymer resin as shown in Figure 2.1. The fiber fabric 
which is a long object with high aspect ratio is responsible for providing high tensile strength and 
modulus of elasticity, while the resin serves as a binder that maintains the position and 
orientation of the fibers and a protector for the fibers against the surrounding environment. The 
fibers are commonly made of para-aramid fibers such as Kevlar and Twaron, carbon fibers, and 
glass fibers (Uddin 2013) and oriented uniaxially (see Figure 2.1(a)) or bidirectionally (see 
Figure 2.1(b)). The characteristics that distinguish FRP composite from other conventional 
construction materials such as steel and concrete are its high stiffness, high strength-to-weight 
ratio, superior corrosion resistance and environmental friendliness (Uddin 2013). The fact that 
FRP composites could be manufactured into different shapes including laminates, rebars, or 
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irregular shapes not only promoted FRP composite as an advanced material but also proved its 
usage in a wide range of applications.  
  
(a) (b) 
Figure 2.1 Schematic of fiber reinforced polymer: (a) uniaxial fiber; (b) bydirectional fiber. 
 
 The following subsections focus on summarizing the previous work done on the 
applications of FRP. Among the numerous applications of FRP, the usage of FRP in 
strengthening and repair of structures is comprehensively reviewed. 
 
2.1.1 FRP in non-civil engineering applications 
 Due to its light weight and high strength, FRP composites have been widely used as 
primary structural materials for aerospace vehicles (Mangalgiri 1999, Palmer 1999, Mahieux 
2001, Bond et al. 2007, Armstrong 2010). Tanasa and Zanoaga (2013) stated that the latest 
generation of airlines such as Airbus A380 employed a large amount of FRP composite materials 
in load-carrying structures, which helped enable 17% lower fuel use. The content of fiber 
composites in Boeing 787 Dreamliner even reached 50%.  
In the field of architecture, the ability of FRP composite to form irregular shape makes 
the complex geometry possible. Shell-like structure or expansion façade manufactured using 
FRP composites proves that FRP composites are able to achieve the aesthetic requirements and 
load-carrying capacity without increasing the self-weight of structural elements (Eekhout 2010, 




2.1.2 FRP in civil engineering applications 
 In civil engineering, FPR composites play a significant role in new construction as well 
as repair and strengthening of old structures. Owing to their superb corrosion resistance 
compared to normal steel reinforcements and high load-carrying capacity, FRP reinforcing bars 
were used exclusively in the construction of structural elements such as bridge deck, precast 
concrete members (Rizkalla et al. 1998, Benmokrane 1999, Yost et al. 2001, Hoult et al. 2008, 
Mohamed et al. 2010, O’Connor 2013, Ali et al. 2017, Vanagas et al. 2017 among many others). 
The concrete bridge deck reinforced with CFRP bars in Taylor Bridge located in Canada is one 
example of this type of FRP application (Rizkalla et al. 2006).  
Besides serving as internal reinforcement, FRP composites could also act as external 
confinement for circular and square concrete columns to enhance the compressive strength and 
ductility of the columns (Fardis and Khalili 1981, Nanni and Bardford 1995, Mirmiran and 
Shahawy 1997, Shehata et al. 2001, Wang and Restrepo 2001, Rocca 2007, Rocca et al. 2008, 
Wu et al. 2009, Toutanji et al. 2010, De Luca et al. 2011, Lim et al. 2014, Vincent and 
Ozbakkaloglu 2015, De Oliveira et al. 2019 among many others). Other than concrete columns, 
FRP composites were also applied to confine timber piles to increase the load capacity of the 
piles (Plevris and Triantafillou 1992, Lopez-Anido et al. 2003, Najm et al. 2007, Caiza et al. 
2012, Kim and Andrawes 2017).  
Another interesting application of FRP composite is to enhance the fatigue performance 
of metallic structures.  Steel structures experience premature failures before reaching their 
service life due to fatigue cracks caused by numerous loading cycles. Studies have shown that 
FRP strengthened steel specimens exhibited longer fatigue life than the non-strengthened 
specimen, and the propagation of the fatigue crack could be prevented or delayed 
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(Tavakkolizadeh and Saadatmanesh 2003, Cadei et al. 2004, Täljsten et al. 2009, Wang and 
Nussbaumer 2009, Pipinato et al. 2012, Teng et al. 2012, Kamruzzaman et al. 2014 among many 
others). 
 
2.1.2.1 Strengthening of concrete structures using FRP composites 
Bridges experience deteriorations during their service life. High cost for replacing and 
rebuilding those structures directs bridge owners to the option of structural rehabilitation using 
strengthening measures. FRP composite, as an advanced material, has been adopted in the 
rehabilitation of structural elements. For example, to improve the flexural capacity of existing 
concrete beams, FRP laminates are externally bonded to the bottom of concrete beams to act as 
additional longitudinal reinforcement. Higher improvement in flexural capacity can be achieved 
with the installation of additional anchors to prevent or postpone the debonding of FRP 
laminates. The anchors could be in the form of FRP strips, bolted anchors, anchor spikes, steel 
angles, etc. (Grelle and Sneed 2013). The schematic of RC beams strengthened using CFRP 
laminates shown in Figure 2.2 is a typical example for the flexural strengthening using FRP 
laminates. The FRP laminates were externally bonded to the bottom of the beam and anchored 
with two vertical FRP strips at both ends.   
 




Previous work conducted on small-and large-scale beams have adequately shown that 
reinforced concrete (RC) beams strengthened by FRP laminates displayed higher flexural 
capacity and greater ductility than non-strengthened beams (Triantafillou and Plevris 1992, 
Kachlakev and McCurry 2000, Bonacci and Maalej 2001, Rahimi and Hutchinson, 2001, Brena 
et al. 2003, Chahrour and Soudki 2005, Attari et al. 2012, Dong et al. 2013, Spadea et al. 2015, 
Huang et al. 2016, Chen et al. 2018 among many others). ACI 440.2R (2008) specified the 
guidance for the design and construction of externally bonded FRP laminate to strengthen 
concrete structures. Besides studying the strengthening effect from FRP laminate under static 
load, researchers investigated the performance of concrete beams strengthened by FRP laminates 
under impact load and observed that the overall behavior of the strengthened beams including 
load-carrying capacity, ductility, and energy absorption was improved (Jerome and Ross 1996, 
Erki and Meier 1999, Tang and Saadatmanesh 2003, White et al. 2014).  
 Recently, a new technique called near-surface mounted (NSM) FRP bar/strip has 
emerged as another method used to retrofit concrete beams. By avoiding the exposure of the 
strengthening materials, NSM method could protect FRP composites from environmental attacks 
and maintain the mechanical performance of the materials. Figure 2.3 illustrates a typical NSM 
strengthening system with the grooves cut at the bottom of the beam and FRP strips embedded 
inside the grooves. Experimental and numerical studies have shown that the flexural response of 
concrete beams strengthened by NSM FRP strips/bars including load at concrete cracking and 
steel yielding, ultimate load capacity was significantly improved (El-Hacha and Rizkalla 2004, 
Nordin and Täljsten 2006, Badawi and Soudki 2009, Bilotta et al. 2015, Hosen et al. 2016, Seo et 




Figure 2.3 NSM strengthening systems (El-Hacha and Rizkalla 2004). 
 
The work referenced above all concentrated on using non-prestressed FRP composites for 
strengthening purposes. The effectiveness of non-prestressed FRP composites for strengthening 
is mostly dependent on the deformation developed within FRP composites to reach a certain 
level. Whereas initially applied stress in the FRP composites would allow the strengthening 
materials to engage in the behavior of the concrete beams earlier than the non-prestressed FRP 
composites, resulting in enhancement in the strengthening effect. The effectiveness of 
prestressed FRP laminates, tendons, and rods in retrofitting concrete members has been proven 
by researchers experimentally (Triantafillou et al. 1992, Wight et al. 2001, Wu et al. 2003, Kim 
et al. 2008, Pellegrino and Modena 2009, Kotynia et al. 2010, El-Hacha and Gaafar 2011, Garcez 
et al. 2012a, Garcez et al. 2012b, Si-Larbi et al. 2012, Wang et al. 2012, Wu et al. 2014, Yang et 
al. 2017 among many others). 
Another major application of using FRP composites is strengthening of concrete 
members in shear using FRP laminates and NSM FRP strips/bars. Figure 2.4 illustrates a typical 
layout of using FRP laminate to retrofit concrete beams in shear by externally bonding FRP 
laminates to the concrete web. Researchers have conducted numerous works on parameters 
affecting the shear strengthening effect using FRP such as shear span-to-depth ratio (a/d), 
different material types of FRP, wrapping schemes of FRP laminates, and effectiveness of 
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different anchors. They found out that FRP laminate is effective in enhancing the shear behavior 
of concrete beams (Chajet et al. 1995, Li et al. 2002, Adhikary and Mutsuyoshi 2004, Mosallam 
and Banerjee 2007, Sundarraja and Rajamohan 2009, Baggio et al. 2014, Chen et al. 2016, 
Lavorato, et al. 2018, Nie et al. 2018 among many others).  
 
Figure 2.4 Shear strengthening details of FRP wet layup systems (Mosallam and Banerjee 
2007). 
 
 Besides FRP laminates, using NSM FRP strips/bars/laminates to strengthen the shear 
behavior of concrete girders showed promising results (De Lorenzis and Nanni 2001, Nanni et al. 
2004, Barros and Dias 2006, Islam 2009, Rahal and Rumaih 2011, Jalali et al. 2012, Mofidi et al. 
2018 among many others). Figure 2.5 shows the preparation of NSM FRP bars by embedding the 
bars into the inclined grooves cut in the concrete web.  
 




2.1.2.2 Repair of concrete structures using FRP composites 
After serving in the field for years, concrete structures often experience deterioration 
caused by environmental factors or external loading. FRP composites have been widely applied 
to restore and retrofit the structural integrity of damaged RC/PPC beams. For example, Miller 
(2006) explored the effectiveness of CFRP laminates to repair RC and PPC beams damaged in 
flexure due to the impact of an overheight vehicles. In this study, damaged beams were repaired 
with externally bonded CFRP sheets. The test results showed that for both RC and PPC damaged 
beams, CFRP sheet could recover or even exceed the original flexural capacity of the beams. The 
results also indicated that a sufficient repair outcome using longitudinal CFRP strips was 
expected when U-wrappings were used to mitigate premature debonding of strips. Similar 
promising results were also reported by other researchers (Nanni 1995, Schiebel et al. 2001, Di 
Ludovico et al. 2005, Kreit et al. 2011, Rosenboom et al. 2011, ElSafty and Graeff 2012, Jones 
2015, Morsy et al. 2015, Pino et al. 2017, Gangi et al. 2018 among many others).   
In addition to using FRP composite as non-prestressing repair technique, prestressed FRP 
composites were also exploited to repair concrete bridge girders suffering from collision damage, 
material deterioration, etc. Pantelides et al. (2010) repaired both RC and PPC girders subjected to 
vehicle impact load using external post-tensioned CFRP rods. The test results showed that the 
repaired specimen displayed an increase in both ultimate strength and stiffness as compared to 
control specimens. Similar works were also conducted by Wight and El-Hacha 2003, Czaderski 
and Motavalli 2007, Kim et al. 2008b, Burningham et al. 2011, and Cai and Xia 2015.  
In terms of shear repair, FRP composites were mainly applied to the end region of the 
concrete girders whose shear capacity was severely compromised due to environmental 
exposure. The environmental factors that caused the shear deficiency included but not limited to 
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free-thaw cycles, sulfate attack, usage of deicing materials and thermal attack. Studies have 
shown that FRP composites were effective in repairing the distressed concrete girders and 
restoring the original shear capacity of the girders (Simpson et al. 2006, Nikopour and Nehdi 
2011, El-Ashkar et al. 2012, Haddad et al. 2013, Hussein et al. 2013, Al-Rousan et al. 2015, 
Boumaaza et al. 2017, Karzad et al. 2017). However, these studies put the emphasis on the effect 
of harsh environment on the whole concrete beam without specifically studying the end region 
damage. Moreover, the tested beams in these studies mostly had large shear span, which could 
not represent the damage pattern of this study. 
The end region damage studied in this research, as described earlier, mostly initiates from 
the very end of the girder and propagates a short distance inside the girder. As a result, it is 
critical to explore the shear response of the girder with distressed end regions within a short 
shear span. According to Wight and MacGregor (2012), a short shear span is defined as the shear 
span-to-depth ratio (a/d) between 1.0 and 2.5. However, to the best of the author’s knowledge, 
there is very limited work focusing on the shear repair within such short shear span such as the 
work by Ramseyer and Kang (2012) that focused on repairing post-damaged prestressed concrete 
girders with CFRP laminates. A full-scale AASHTO Type II PPC girder was first loaded using a 
three-point bending test under the shear span-to-depth ratio of 1.0 to introduce shear damage as 
shown in Figure 2.6(a). Afterward, loose concrete was removed, and rapid set cement was 
applied to restore the shape of the girder (see Figure 2.6(b)). Another repair technique called 
epoxy injection was adopted. Epoxy was injected into the introduced shear cracks to fill up the 
cracks. Lastly, both GFRP and CFRP laminates were wrapped around the girder and saturated 
with resin using a wet layup method as illustrated in Figure 2.6(c). Test results showed that the 
shear capacity of the end repaired with GFRP laminates and epoxy injection was recovered 
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showing a 1.6% increase in the peak force. It was also concluded that epoxy injections as an aid 
to repair methods provide a degree of help over beam ends not injected with epoxy and were 
favorable in increasing the stiffness and stability of the repaired girder. 
   
(a) (b) (c) 
Figure 2.6 Girder post-damage repair (Ramseyer and Kang 2012): (a) shear damage; (b) rapid 
set cement repair; (c) application of CFRP laminates. 
  
Shaw and Andrawes (2017) also conducted experiments on repairing small-scale PPC 
beams with end region damage using externally bonded CFRP laminates under short shear span-
to-depth ratio. In their study, concrete cover damages were imposed on small scale prestressed 
concrete beams, which were tested in three-point bending with a shear span-to-depth ratio of 
1.29 to determine the effect of this type of damage on the shear capacity of the beams. The end 
region damage of PPC beam was simulated by removing the concrete cover in the web. A quick 
setting mortar repair was used to replace the damaged cover concrete, followed by attaching both 
GFRP and CFRP laminates on the smoothened mortar surface as shown in Figure 2.7. The 
results showed that the mortar repair alone was insufficient in regaining the beam’s original 
strength and stiffness. Beam repaired with GFRP laminates could recover its original shear 
strength showing a 2.0% increase in peak force as compared to control beam, while GFRP 
laminate could only recover 74.4% of the original stiffness. CFRP laminate repair system 
achieved 19.5% and 6.0% increase in peak load and stiffness, respectively as compared to that of 





Figure 2.7 Shear repair using FRP composites (Shaw and Andrawes 2017): (a) application of 
CFRP laminates; (b) application of GFRP laminates.  
 
Andrawes et al. (2018) explored the feasibility of using NSM FRP bars to repair PPC 
beams with shear deficiency. The concrete cover was removed to simulate the end region 
damage caused by environmental attacks. A rapid set mortar was used to restore the shape of the 
beam with the grooves left for installation of FRP bars. Hilti HIT-RE 500 epoxy was used to fill 
the grooves and bond FRP bars with surrounding mortar as shown in Figure 2.8. Test results 
showed that the peak force and stiffness of the repaired beam only reached 78.6% and 92.5% of 
that of the control beam, indicating that the shear capacity of the beam was not fully recovered 
by the NSM FRP bar repair. The main reason was the weak bond between the applied mortar 
layer and substrate concrete, which compromised the ability of FRP bars to develop sufficient 




Figure 2.8 NSM FRP bar repair (Andrawes et al. 2018). 
   
2.2 SHAPE MEMORY ALLOYS 
 Shape memory alloys (SMA) are unique type of alloys characterized by their ability to 
recover their original shape by the means of two phenomena, shape memory effect (SME) and 
superelasticity (SE). Shape recovery of SMA is governed by the atomic transformation between 
the martensitic phase and the austenitic phase. The phase transformation is governed by four 
transformation temperatures known as martensite finish temperature 𝑀𝑓 , martensite start 
temperature 𝑀𝑠, austenite start temperature 𝐴𝑠 and austenite finish temperature 𝐴𝑓, as illustrated 
in Figure 2.9. As the temperature increases and exceeds 𝐴𝑠, the martensite SMA starts to transform 
to the austenite phase. When the temperature is higher than 𝐴𝑓, the transformation is complete and 
the SMA stays in the austenite phase. As the temperature starts to drop below 𝑀𝑠 , the 
transformation from the austenite phase to the martensite phase initiates. Such transformation is 




Figure 2.9 Phase transformation of SMA as a function of temperature. 
 
When SMA is mechanically deformed in the martensite phase at a temperature below 𝑀𝑓, 
it undergoes inelastic deformation, as shown in Figure 2.10(a). Heating the alloy to a temperature 
higher than 𝐴𝑠 initiates phase transformation from martensite to austenite, which is accompanied 
by shape recovery, which is fully complete when the temperature reaches 𝐴𝑓 . This thermally 
triggered phenomenon is known as the shape memory effect (SME). In terms of superelasticity 
(SE), the phase transformation is controlled by mechanical loading. When the austenite SMA is 
mechanically loaded to a stress higher than 𝜎𝐴𝑀𝑠, the alloy starts to transform to martensite phase, 
which is complete when the stress is higher than 𝜎𝐴𝑀𝑓. Upon unloading, the applied deformation 
of the alloy will decrease, accompanied by transformation from martensite to austenite phase. At 
the end of unloading, the alloy will return to its original shape with no residual deformation as 






Figure 2.10 Stress-strain curve of SMA: (a) shape memory effect; (b) superelasticity. 
 
 The shape memory effect phenomenon encouraged researchers to explore the use of SMA 
for prestressing applications (see sections 2.2.1 and 2.2.2). As shown in Figure 2.11, when SMA 
wire that is under martensite phase is prestrained to a certain level and constrained at both ends, 
heating SMA wire to a temperature above its austenite finish temperature (𝐴𝑓) would produce 
recovery stress (𝜎𝑟) within SMA. The recovery stress would reach a plateau and remain tensile 
and stable even when the alloy returns to room temperature. Hence, prestessing force is introduced 
to the SMA. Although there is a wide range of SMA types that exhibit SME (e.g. Fe-based, NiTi-
based), the SMA type appropriate for prestressing application needs to exhibit a wide thermal 
hysteresis, i.e. 𝑀𝑠 - 𝐴𝑠 range, that could cover a wide range of ambient temperatures that the SMA 
is expected to experience during its service life. This characteristic is important in order for the 




Figure 2.11 Prestressing using shape memory alloy. 
 
 Because of the SE and SME phenomena, SMAs have motivated many researchers over 
the last two decades to explore their practical applications in various areas. The subsequent 
sections summarize the previous research work that was carried out on using SMA in various 
fields including aeronautics and aerospace engineering, automotive engineering, biomedical 
engineering, and civil engineering.  
 
2.2.1 SMA non-civil engineering applications 
 As an innovative material with unique properties, SMA plays an essential role in a wide 
range of applications. In aeronautic and aerospace engineering, fasteners and couplings made of 
SMA could shrink during heating and have been used for connecting aircraft hydraulic lines. 
Figure 2.12(a) presents couplings that are expanded about 4% under martensite condition and 
will contract in warm or high temperature to produce a tight seal at pipe joint (Wayman 1980). 
Torsion tube actuators made of SMA have been used to control the vibration and reduce the 
noise of the rotor blades in the McDonnel Douglas MD900 helicopter (Schetky et al. 1997). 
Similarly, an SMA torque tube was developed in the SMART WING program to improve the 
twisting performance of a small-scale F-18 wing (Sanders et al. 2004) as shown in Figure 
2.12(b). Superelasticity enables SMA to produce work during its deformation, which allows 
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SMA to be exploited as an actuator to provide morphing and damping in aeronautic applications 
(Juan 2006). Similar SMA applications pertinent to aeronautic and aerospace engineering could 
also be found in Hartl and Lagoudas 2007, Calkins and Mabes 2010, Barbarino et al. 2011, 




Figure 2.12 Applications of shape memory alloys in aeronautics and aerospace: (a) couplers 
made of SMA (Wayman 1980); (b) SMA torque tube applied on an aircraft wing (Sanders et 
al. 2004). 
 
In the field of automotive engineering, researchers have used a high hysteresis Ti-Ni-Nb 
alloy to seal the high-pressure fuel passage in diesel fuel injectors of automobiles (Wu and Wu 
2000). Not only fuel passage but multiple components in a modern passenger vehicle such as 
electromagnetic motors, actuators for engine control, wipers and dashboard, ventilation control 
system, safety systems, bumpers, etc. could be potentially replaced by SMA to avoid 
complicated mechanical design (Gümpel and Strittmatter 2009). Numerous studies have been 
conducted to explore the feasibility of SMA in enhancing and optimizing the design and 
performance of automobiles (Stoeckel 1990, Williams and Elahinia 2008, Gheorghita et al. 2014, 
Crăciun et al. 2015, Singh et al. 2018, etc.) and several applications were even patented (U.S. 
Patent No. 5,622,482, 1997, U.S. Patent No. 6,039,030, 2000, U.S. Patent No. 7,364,211, 2008).   
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There is a large variety of SMA applications in biomedical engineering. Superelasticity 
of SMA was exploited to manufacture the first implantation of an orthodontic device by 
Andreasen and Hilleman in 1971. By utilizing the SME of SMA, the brace made of SMA as 
shown in Figure 2.13 was installed to the fractured mandible to close the fracture gap through 
shape recovery of SMA (Jaasters et al. 1990). In the area of cardiovascular applications, NiTi 
SMA is used to manufacture self-expandable vascular stents (Carter et al. 1998, Tyagi et al. 2003 
and Lewis 2008). Moreover, SMA is also widely used to manufacture medical devices in areas 
such as orthopedics, general surgery, neurosurgery, ophthalmology, active prostheses etc. 
(Haasters et al. 1990, Kasano and Morimitsu 1997, Machado and Savi 2003, Rajan et al. 2004, 
Khmelevskaya et al. 2008, Yakimovich et al. 2009, Luo et al. 2011, Olson et al. 2012, Krishnan 
et al. 2016, Nematollahi et al. 2019 among many others). 
 
Figure 2.13 NiTi plate for mandible fracture (Jaasters et al. 1990). 
 
2.2.2 SMA civil engineering applications 
 Over the last two decades, the growing demand for more reliable, sustainable and high-
performance structural systems has urged more researchers and engineers to explore innovative 
ways to reshape traditional structural design. Due to its unique mechanical properties and 
corrosion resistance, SMA has attracted the interest of researchers to study its applications in 
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civil engineering. In the following subsections, civil applications using SMA are thoroughly 
reviewed with more emphasis placed on applications pertinent to strengthening of concrete 
structures through prestressing of SMA. 
 
2.2.2.1 Civil applications using superelasticity of SMA 
 Upon mechanical unloading, which is accompanied by phase transformation, austenitic 
deformed SMA could return to its original shape with no residual deformation. This 
phenomenon, known as superelasticity, has been studied in structures to control structural 
deformations under extreme loads. Through its self-centering capability, SMA has served as 
internal reinforcements, joint connections, bearings, bracings, dampers, isolators in the seismic 
applications for the purpose of enhancing energy dissipation capability and reducing residual 
deformation of structures.  
Dolce et al. (2004) used NiTi SMA bracings to strengthen frame structures and improve 
their seismic performance. Andrawes and DesRoches (2005) explored the feasibility of using 
SMA as seismic restrainers for bridges. Johnson et al. (2008) conducted studied the effectiveness 
of NiTi SMA cables in limiting the relative hinge displacement in bridges. Youssef et al. (2008) 
explored the seismic behavior of a beam-column joint reinforced with superelastic NiTi SMA. 
Dieng et al. (2013) examined the efficiency of Ni-Ti dampers to reduce the vibration amplitudes 
of stayed cables. Zafar and Andrawes (2013) manufactured SMA-FRP composite rebars and 
embedded them into concrete beams to exploit their re-centering ability to improve the flexural 
behavior of the beams. Chowdhury et al. (2019) utilized NiTi SMA bolts to improve the energy 
dissipation capacity of beam-column connections during major earthquakes. 
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 Similar works pertinent to the application of superelastic SMA could also be found in 
Clark et al. 1995, Alam et al. 2007, van de Lind and Potts 2008, Elbahy et al. 2009, Nehdi et al. 
2010, Shrestha et al. 2013, Zhu and Qiu 2014, Wang et al. 2015, Ozbulut et al. 2016, Xu, et al. 
2017, Zheng et al. 2018, etc.  
 
2.2.2.2 Civil applications using shape memory effect of SMA 
 Through shape memory effect, constrained SMA could be prestressed upon thermal 
activation without the need for jacking devices. The ease of applying prestressing enables SMA 
to compete with traditional prestressing technique and widens its application in civil engineering.  
 The application of prestressing using SMA has been studied by Shin and Andrawes 
(2010) who proposed a new active confinement technique using NiTiNb SMA spiral (see Figure 
2.14(a)). Similar concept was adopted by Chen et al. (2014) to actively confine prism concrete 
columns (see Figure 2.14(b)). Jung et al. (2018) conducted bidirectional shake table test on RC 
columns retrofitted and repaired with SMA spirals (see Figure 2.14(c)). Results showed that the 
ductility of SMA confined elements was significantly increased compared to conventional 
confinement methods. Other studies that explored SMA active confinement and its applications 
in the retrofitting of bridge columns subjected to seismic loads could also be found in Krstulovic-
Opara and Thiedeman 2000, Shin and Andrawes 2011, Choi et al. 2013, Tran et al. 2015, Chen 







Figure 2.14 Active confinement: (a) concrete cylinder (Shin and Andrawes 2010); (b) 
concrete prism (Chen et al. 2014); (c) bidirectional shake table testing of RC column 
retrofitted with SMA spirals (Jung et al. 2018). 
 
 Another quickly emerging application is the use of SMA prestressing to enhance the 
flexural behavior of RC beams. Maji and Negret (1998) utilized the SME of NiTi SMA to 
prestress mortar beam. The camber of the beam observed during the testing demonstrated the 
ability of SMA wire to transfer stress to the concrete beam. Watanabe et al. (2002) fabricated a 
shape memory fiber/plaster smart composite by embedding Fe-based SMA fibers into the plaster 
matrix and tested its mechanical properties. Results showed that both fracture toughness and 
bending strength of the plaster were improved. El-Tawil and Ortega-Rosales (2004) studied the 
effectiveness of NiTi and NiTiNb to post-prestress concrete beams. They found that although 
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both materials were effective in prestressing concrete, the heating temperature of NiTi should be 
precisely controlled and maintained in order to achieve the stable recovery stress. Moser et al. 
(2005) investigated the feasibility of mixing short loop- and star-shaped fibers made of NiTi 
SMA into mortar mixture to prestress mortar prisms. After the activation of SMA, a prestressing 
stress up to 7 MPa was expected to achieve in the mortar prism. Deng et al. (2006) studied the 
flexural behavior of RC beams strengthened with embedded NiTi SMA wires. From the test 
results it was revealed that under same total section area of wires more SMA wires used would 
allow more uniform stress distributed into concrete beam and caused a larger camber of the 
beam. Sawaguchi et al. (2006) investigated the efficiency of Fe-Mn-Si-based SMA bars as 
internal reinforcements to prestress mortar prisms. It was found that the bending strength and 
cracking stress of the mortar beam were increased owing to the prestressing from SMA. 
Czaderski et al. (2014) explored the effectiveness of Fe-based SMA strips to prestress concrete 
prism by studying several key properties such as recovery stress, force-slip behavior, and heating 
effect on concrete. Shahverdi et al. (2016a) explored the strengthening effect from ribbed Fe-
based SMA bars embedded into a shotcrete layer on the flexural behavior of RC beams as 
depicted in Figure 2.15. The test results showed that the beams retrofitted with Fe-SMA bars 
exhibited twice higher flexural capacity than the reference beam. Hong et al. (2018) studied the 
flexural behavior of RC beams strengthened with NSM Fe-SMA strips and found that both 
ultimate load capacity and cracking load of the beams were significantly increased without 




Figure 2.15 RC beams strengthened by Fe-SMA rebars embedded into a shotcrete layer 
(Shahverdi et al. 2016a). 
  
 Similar works studying the applications of concrete prestressing using SMA could also 
found in Krstulovic-Opara and Naaman 2000, Kotamala 2004, Li et al. 2007a, Li et al. 2007b, 
Orvis 2009, Lee et al. 2013, Cladera et al. 2014, Lee et al. 2015, Ozbulut et al. 2015, Rojob and 
El-Hacha 2015, Choi et al. 2016, Shahverdi et al. 2016b, Rojob and El-Hacha 2017 etc. 
 Unlike prestressing in the flexural application, shear strengthening using SMA 
prestressing technique is hindered by installing anchors and placing jacking equipment in the 
narrow space around concrete webs. As a result, only limited work focused on strengthening the 
shear behavior of concrete beams using SMA. Soroushian et al. (2001) installed diagonal Fe-
based SMA rods to the web of a concrete beam with shear crack to strengthen its shear behavior 
through the prestressing of SMA as shown in Figure 2.16(a). The results showed that the load-
carrying capacity of the repaired beam was successfully restored. After confirmed by the lab test, 
this repair technique was exploited to repair an actual RC girder with shear crack in the field 
using two L-shape angles to install the SMA rods as shown in Figure 2.16(b). Rius et al. (2017) 
investigated the shear response of RC beams actively strengthened by NiTiNb SMA. The SMA 
wires were either vertically wrapped around RC beams and mechanically fixed to steel plates as 
shown in Figure 2.17(a) or wrapped into a spiral shape and anchored to the backside of the beam 
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as shown in Figure 2.17(b). Based on the experimental results, a significant improvement up to 
92% in peak force was achieved as compared to the unstrengthened beam. Zerbe et al. (2017) 
retrofitted the shear behavior of concrete beams by wrapping U-shaped Fe-based SMA strips 
around T-beams. It was found that although the peak load of the beam was improved, the 
strengthening effect was largely affected by the adopted anchorage system. Rius et al. (2019) 
continuously studied using SMA to strengthen the shear behavior of the beams that have been 
preloaded. Experimental results showed that the pre-cracked beams strengthened with SMA 




Figure 2.16 Shear repair using SMA (Soroushian et al. 2001): (a) beam repaired with post-










Figure 2.17 Shear strengthening using SMA (Rius et al. 2017): (a) U-shape strengthening; (b) 
spiral strengthening. 
  
SMA prestressing has also been utilized to enhance the fatigue life of metallic structures. 
Izadi et al. (2017) installed thin Fe-based SMA strips to a steel plate which was subjected to 
fatigue loading using mechanical anchors. Zheng and Dawood (2017a) attached SMA/CFRP 
patch to edge-notched steel coupons to improve the fatigue performance. The results were quiet 
promising showing the ability of SMA to enhance the fatigue life of steel through local 
prestressing. Similar fatigue-strengthening techniques with promising results were also reported 
by Abdy 2017, Zheng and Dawood 2017b and Zheng et al. 2018. 
 
2.3 PRACTICAL ISSUES RELATED TO SMA APPLICATIONS IN CIVIL 
STRUCTURES 
The activation of the shape memory effect of SMA requires the heating temperature to be 
higher than 𝐴𝑓, as a result, the degradation of cementitious materials caused by the SMA heating 
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could be a critical issue that may impact the serviceability of the structures. Also, a thorough 
understanding of the durability of SMA materials would contribute to its successful application 
in civil engineering. Therefore, previous research work related to these practical issues is 
reviewed in this section. 
 
2.3.1 Heating effect on cementitious materials 
 Due to the high temperature introduced by the activation of SMA, it is of vital importance 
to understand the effect of high temperature on the mechanical properties of cementitious 
material surrounding the SMA. Researchers have conducted numerous work on the effect of 
elevated temperatures and different exposure durations on the mechanical properties of concrete 
and mortar.  
Cülfik and Özturan (2002) exposed high-performance mortar specimens to elevated 
temperatures for a period of time. Results showed that specimens experienced considerable 
losses in mechanical properties at a temperature of 600℃ and lost almost all the strength at 
900℃.  Bingöl and Gül (2004) investigated the effect of high temperature on the compressive 
strength of lightweight concrete. It was found that significant loss of compressive strength was 
not observed between 150-300℃, while a sharp reduction in strength for all mix groups was 
observed at 750℃. Noumowe (2005) examined the mechanical properties and microstructures of 
high strength concrete containing polypropylene fibers subjected to temperature up to 200℃. 
Results showed that specimens containing polypropylene fibers exhibited higher reduction in the 
mechanical properties as compared to those without polypropylene fibers. Tang and Lo (2009) 
explored the mechanical and fracture properties of normal and high-strength concrete with fly 
ash after exposure to high temperatures. Based on the experimental results, fly ash was proved to 
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be effective in enhancing the performance of both normal- and high-strength concrete under high 
temperatures. Koksal et al. (2012) conducted experiments to investigate the effect of high 
temperature on the residual compressive strength of lightweight concrete containing expanded 
vermiculite. It was shown that specimens containing expanded vermiculite exhibited a good 
performance under high temperature by only showing loss of strength over 900℃. Kodur (2014) 
summarized the influence of the elevated temperature on the mechanical properties of concrete. 
From the literature it was found that normal-strength concrete experienced marginal compressive 
strength loss up to 400℃. High temperature became detrimental for high-strength concrete 
because of the the build-up of internal stress and rapid development of microcracks. Drzymała et 
al. (2017) investigated the properties of high-performance concrete (HPPC) under elevated 
temperatures and found that a reduction of 60% in compressive strength was reached at 600℃. 
The test results also proved the efficacy of air-entrainment in increasing the fire resistance of 
high-performance concrete. 
 Studies about the performance of mortar and concrete under elevated temperatures as 
well as the factors influencing their high-temperature resistance were also conducted by 
Ellingwood and Shaver 1980, Peng et al. 2006, Sideris et al. 2009, Rowalski 2010, Xing et al. 
2011, Bamonte and Gambarova 2012, Aslani and Samali 2014, Choumanidis et al. 2016, Novak 
and Kohoutkova 2018 etc. Besides the detrimental effect from the high temperature on the 
mechanical properties of cementitious material, researchers also found that rehydration of the 
heated specimen could achieve recovery of the concrete strength (Alonso and Fernandez 2004, 





2.3.2 Durability of shape memory alloys 
2.3.2.1 Corrosion behavior of non-NiTi-based SMA 
 The ability of SMA to resist corrosion and maintain its functionality under harsh 
environmental conditions is essential for its application in civil engineering. Numerous works 
have focused on studying the corrosion behavior of non-NiTi-based SMA. Lin et al. (2002) 
studied the corrosion behavior of three types of Fe-Mn-Si-based SMAs using electrochemical 
potentiodynamic test. The polarization curves showed that the alloy containing Cr and Ni 
exhibited the best chemical corrosion resistance among the three alloys. Lee et al. (2016) 
investigated the corrosion behavior of Fe-17Mn-6Si-10Cr-4Ni-1(V, C) SMA using 
electrochemical methods under three types of simulated concrete pore solutions. Based on the 
test results, the Fe-based SMA exhibited a superior corrosion resistance in all conditions as 
compared to conventional structural steel. It was also found that chloride ions would depassivate 
the alloy and cause pitting corrosion of Fe-based SMA. Research work addressing the corrosion 
performance of Fe-based SMA were also conducted by Li and Dunne 1997, Söderberg et al. 
1999, Sun et al. 2001, Huang et al. 2004, Zhang et al. 2004, Maji et al. 2006, Bao-quan et al. 
2009, Della Rovere et al. 2011, Liu et al. 2015, Farhat et al. 2018 etc. 
 Montecinos and Simison (2013) studied the effect of different compositions and 
microstructures on the corrosion behavior of Cu-Al-Be shape memory alloys using weight loss 
measurement and cyclic anodic polarization. It was found that the corrosion behavior was greatly 
influenced by the microstructural conditions and the content of beryllium. Shivasiddaramiah et 
al. (2017) used potentiodynamic test to investigate the corrosion behavior of Cu-Al-Be-Mn 
quaternary SMAs in three different types of electrolytes. By comparing the corrosion rate, it was 
found that Cu-Al-Be-Mn showed better corrosion resistance in freshwater and Hank’s solution 
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than in ocean water. The addition of a small amount of Beryllium enhanced the corrosion 
resistance of Cu-Al-Be-Mn SMA. Corrosion behavior of Cu-Al-based SMA was also explored 
by Chun et al. 1994, Benedetti et al. 1995, Kuo et al. 2006, Raheem et al. 2010, Gojić et al. 2011, 
Shivasiddaramiah et al. 2015, Al-haidary et al. 2017, Montecinos et al. 2019, etc. 
 Sathish et al. (2013) explored the corrosion behavior of Cu-Zn-Ni shape memory alloys 
using electrochemical corrosion test. Figure 2.18 demonstrated the typical test setup for the 
potentiodynamic test. Based on the polarization curves, it was showed that increasing Ni and Zn 
content would improve the corrosion resistance of the alloys. Alaneme et al. (2017) modified the 
microstructure of Cu-Zn-Al SMA with Fe, B, and Fe-B to study the impact of additional 
elements on the corrosion behavior of Cu-Zn-Al SMA. Results showed that the modified Cu-Zn-
Al exhibited high corrosion rate in NaCl solution but showed more corrosion resistance in H2SO4 
solution. Researches related to the corrosion performance of Cu-Zn-based SMA were also found 
in Liang et al. 2003, Chen et al. 2005, Refaey et al. 2007, Alaneme et al. 2013.  
 
Figure 2.18 Test setup for polarization test (Sathish et al. 2013). 
  
 The corrosion resistance of other types of SMA such as CoNiGa, NiMnGa, TiNbSn, 
TiTaSn etc. in various corrosive conditions were also investigated by researchers to expand the 
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potential applications of these alloys (Liu et al. 2001, Zheng et al. 2006, Guo et al. 2012, 
Rosalbino et al. 2012, Sanchez-Carrillo et al. 2014 among many others).  
 
2.3.2.2 Corrosion behavior of NiTi-based SMA 
 Among all the types of shape memory alloys, NiTi-based SMAs are industrially and 
commercially available. To expand the range of its applications, it is of vital importance to study 
the corrosive behavior of NiTi-based SMA. Compared to other commercially available SMAs, 
NiTi-based SMA had by far the best corrosion resistance mostly due to the formation of a thin 
adherent oxide layer known as a passive film on its surface (Duerig et al. 1990). Duerig et al. 
(1990) also stated that although such film was very stable and protected NiTi-based alloys from 
corrosive attack, it could be damaged in some aggressive conditions such as highly acidified 
chloride solutions.  
 Man et al. (2001) explored the effectiveness of using laser to melt the surface of NiTi in 
air and argon environments to improve its corrosion resistance. Images from SEM showed that 
the laser surface melted layer was free of porosity and crack. The potentiodynamic results 
showed that the samples treated with laser surface melting exhibited excellent corrosion 
resistance because of the increase of the amount of TiO2 on the surface. Figueira et al. (2009) 
conducted electrochemical potentiodynamic test to compare the corrosion behavior of NiTi with 
Ti-6Al-4V. Polarization curves showed that NiTi displayed a better corrosion resistance than Ti-
6Al-4V due to the formation of a protective oxide film on the surface. They also found that the 
corrosion behavior of NiTi had considerable similarities to that of Ti other than Ni. Khalil-Allafi 
et al. (2010) studied the biocompatibility and corrosion behavior of NiTi in the physiological 
environments for medical applications using potentiodynamic test and SEM. The polarization 
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curves showed that NiTi exhibited a good pitting corrosion resistance in human body fluid, 
which indicated that NiTi alloy is a promising candidate for biomedical applications. Bolat et al. 
(2013) investigated the corrosion behavior of NiTi and NiTiNb using dynamic electrochemical 
impedance spectroscopy (DEIS). Figure 2.19 presents the corroded surfaces of the samples 
scanned by SEM after anodic potentiodynamic tests. SEM images showed pitting on the 
corroded surface of NiTi, while only dendritic morphology of NiTiNb sample was observed. The 
difference of the corroded surfaces indicated that the additional Nb to NiTi alloy facilitated 




Figure 2.19 SEM images of corroded surfaces (Bolat et al. 2013): (a) NiTi; (b) NiTiNb. 
 
 Fadlallah et al. (2014) aimed to evaluate the electrochemical behavior of pure Ti and 
NiTi in oral environment using both open circuit potential (OCP) and electrochemical impedance 
spectroscopy (EIS) methods. EIS results confirmed that both NiTi and pure Ti displayed good 
corrosion resistance over immersion of 3h in oral environment. Lethabane et al. (2015) studied 
the uniform and localized corrosion behavior of Ti-Ni containing additional Nb and Cu using 
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potentiodynamic and cyclic polarization measurements. Results showed that Cu and Nb had 
minimal effects on the uniform corrosion resistance, however, could improve the pitting 
corrosion resistance significantly by shifting the pitting potential to more positive values.  Li et 
al. (2017) examined the microstructures and corrosion resistance of NiTiNb thin films and 
compared the findings with NiTi using open circuit potential (OCP) and potentiodynamic 
polarization test. Figure 2.20 presents the results from electrochemical tests. It was observed that 
NiTiNb exhibited higher open circuit potential and lower corrosion current density than NiTi, 
indicating that additional Nb could improve the corrosion resistance of NiTi film by stabilizing 
the passive film.  
  
(a) (b) 
Figure 2.20 Electrochemical testing results (Li et al. 2017): (a) OCP; (b) potentiodynamic 
polarization curves.  
 
 The corrosion behavior of NiTi-based SMA were also thoroughly studied by other 
researchers to explore the impacts from corrosive conditions, alloy contents and protective 
measures (Speck and Fraker 1980, Wen et al. 1997, Trépanier et al. 1998, Starosvetsky and 
Gotman 2001, Es-Souni et al. 2002, Sun et al. 2002, Shukla et al. 2005, Sui et al. 2006, Liu and 
Duh 2007, Hu et al. 2010, Zhao et al. 2011, Saebnoori et al. 2015, Witkowska et al. 2017, 




2.4 IDENTIFIED KNOWLEDGE GAPS BASED ON LITERATURE REVIEW 
 Since the focus of this work is on studying various repair methods for bridge girders with 
damaged end regions, the behavior of girders under low shear span-to-depth ratio, i.e. a/d ratio 
within the range of 1 to 2.5 is of special interest. From the literature review, it is noted that most 
of the studies focused on a/d ratio higher than 2.5, which doesn’t represent the actual damage 
observed at the end region of the concrete girders. Among all the work conducted, to the best of 
the author’s knowledge, the work by Ramseyer and Kang (2012) and Shaw and Andrawes 
(2017) are the only published work that investigated the repaired shear behavior of damaged 
girder end with a/d ratio less than 1.5. In Ramseyer and Kang study (2012), the girder was loaded 
first to introduce shear damage to the end region and repaired afterward using mortar combined 
with carbon-FRP (CFRP) and glass-FRP (GFRP) laminates. However, the damage mechanism in 
their test does not represent realistically the type of damage typically observed at girder’s end 
regions, which involves concrete spalling and internal steel exposure. In Shaw and Andrawes 
work (2017), the end region damage was simulated by only removing the concrete cover at the 
web. However, the spalling and cracking of concrete could propagate into the bottom flange 
causing further damage to the end region of PPC girders. Hence, there is still a need to 
understand the behavior of FRP laminates as a repair method for girder’s end regions subjected 
to realistic damage patterns. 
 Although SMAs have been studied for a wide range of applications such as damping, 
prestressing and active confinement, there is limited work (Soroushian et al. 2001 and Rius et al. 
2017, Zerbe et al. 2017) focusing on using SMA to strengthen girder web to enhance the shear 
capacity of concrete girders. The prestressing method adopted by Soroushian et al. (2001) mainly 
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relied on the use of an external frame to install FeMnSiCr SMA rods to the end region of the 
concrete beam. The drawback of this technique is that there is limited space around the end 
region of the beams, which inhibits the installation of the frame. Furthermore, the exposure of 
the fixing frame increases the susceptibility to environmental attacks. Rius et al. (2017) 
strengthened the shear behavior of the concrete beam by 1) wrapping SMA wire around the 
rectangular-section girder, and 2) installing U-shaped SMA by mechanical anchors. The 
shortcoming of both techniques is that the prestressing applied to concrete is highly dependent on 
complex anchorage system that is exposed to harsh environment. Moreover, wrapping SMA 
around the beam with complex shape is not feasible in the field and would cause a loss of 
prestressing force. The lack of protection for SMA wire and the necessity of complex anchorage 
system hinder the application of SMA-prestressing as shear strengthening technique. As a result, 
a simpler and more effective way to apply prestressing to local regions still needs to be 
investigated. 
 Fire resistance of concrete is thoroughly studied by researchers to explore the impacts 
from different mix designs of concrete and additives. In all studies, the heating process shared a 
similar pattern which was to expose the concrete to an elevated temperature for a certain period 
of time. This heating process is aimed to simulate the temperature exposure that the concrete 
structures experience during a fire emergency. SMA heating, on the other hand, differs from the 
heating process adopted in the study of fire resistance of concrete. To fully activate SME of 
SMA, the temperature only needs to be escalated to a level higher than 𝐴𝑓. Once this temperature 
is reached, further heating will not change the recovery stress induced within SMA and heating 
will be stopped. Due to the difference in the heating process, it is worth studying the effect from 
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high temperature introduced by SMA heating on the mechanical properties of concrete to ensure 
that the SMA heating will not inflict damage to the concrete.  
Although the corrosion behavior of SMAs has been studied ever since the shape recovery 
phenomenon was discovered, studies mainly focused on investigating the electrochemical 
performance of SMA. For SMA to be employed in civil applications, its ability to resist harsh 
environment and maintain its functionality should be addressed. The mechanical property of 
SMA including recovery stress and stress-strain behavior exposed to harsh corrosive remains 
unknown. As a result, the effect of SMA heating on the mechanical properties of cementitious 
material as well as the long-term behavior of SMA is worth studying to evaluate the feasibility of 
using SMA in civil applications. 
 To address the knowledge gaps identified above, the following chapters present the work 
conducted to investigate the repair and strengthening of concrete girders with damaged end 
regions using FRP and SMA as well as the practical issues pertinent to the application of SMA 












CHAPTER 3: FLEXURAL TESTS OF FULL-SCALE PPC GIRDERS 
 
 This chapter presents a description of the three-point bending tests with short shear spans 
that were conducted on full-scale precast prestressed concrete (PPC) girders. The purpose of the 
tests was to examine if the use of mortar repair only is sufficient to restore the capacity of girders 
with damaged end regions and whether the use of FRP laminates as part of the repair scheme is 
needed. After the experimental testing, a design methodology was proposed to design the FRP 
laminate repair for the concrete girders with similar end region damage. 
 
3.1 SPECIMEN DESCRIPTION AND TEST SETUP 
3.1.1 Girder specimen description 
Five AASHTO Type II PPC girders that were in service in the State of Illinois Tollway 
for over 40 years were extracted from a bridge and shipped to the lab at the University of Illinois 
at Urbana-Champaign as shown in Figure 3.1. Two of the girders with length equal to 8.5 m 
were used for the flexural testing. All the girders shared the same cross-section as depicted in 
Figure 3.2. 
 








Figure 3.2 Full-scale PPC girder cross-section and elevation: (a) girder dimension; (b) 
reinforcement details; (c) elevation view. 
 
 Since the top of the girders was uneven, it was not feasible to apply the load directly on 
the top of the girders using an actuator. Therefore, to provide an even bearing area for the 
actuator, uneven concrete was removed from the top and a 304.8 mm x 304.8 mm x 101.6 mm 
block was cast using high strength mortar (Rapid Set Mortar Mix from CTS Cement, Inc.) as 
shown in Figure 3.3. The mortar block would achieve a compressive strength over 34.5 MPa 
after 24 hours (CTS Cement n.d). As per the design plans, the girders were prestressed with six 
12.7 mm diameter 7-wire stress-relieved prestressing strands with an elastic modulus of 186.2 
GPa and ultimate strength of 1862 MPa. The strands were pretensioned to 1303 MPa, 
approximately 70% of their ultimate strength. The mild steel used was Grade 40 with yield 
strength equal to 276 MPa. With a service life of over 40 years, the compressive strength of the 
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concrete was unknown. Therefore, after one of the girders was tested, concrete cores were drilled 
out of the web of the girder and tested to obtain the compressive strength of the concrete as 
shown in Figure 3.4. The average compressive strength of concrete was found to be 60.3 MPa. 
  
(a) (b) 





Figure 3.4 Testing of concrete compressive strength: (a) drilling process; (b) cores obtained 






3.1.2 Test setup 
 To obtain the load-carrying capacity, three-point flexural tests were performed on the 
ends of the girders. The test setup is illustrated in Figure 3.5. Due to the localized nature of end 
damage, a short shear span of 1.25𝑑𝑝 was selected to investigate the shear behavior of the girder. 
Considering the depth to the prestressing strand from top of the girder (𝑑𝑝) is 863 mm, the 
distance from the center of the support to the center of loading plate was 1079 mm. The center-
to-center distance of the supports was chosen as 6400 mm such that the girder end farther from 
the applied load was unaffected from the loading.  
 
Figure 3.5 Three-point flexural bending test setup. 
 
 Figure 3.6 shows the instrumentation used in the test. An actuator with a capacity of 1200 
kN was used for testing. The vertical deflection of the girder during testing was measured by 
placing a linear variable displacement transformer (LVDT) under the girder at the point of 
loading. Three LVDTs were installed on the web at angles of 0°, 45°, and 90° forming a rosette 
configuration to measure the averaged strain within the web during loading in order to calculate 
the principal strain in the web. Two strain gages were placed at the top and bottom flanges to 
measure the concrete compressive and tensile strains, respectively during loading. At first, the 
prestressing strand slip of Control case was not monitored. After strand slip was observed during 
the testing of the Control girder, the slip of strands for the rest of the cases was monitored during 




Figure 3.6 Instrumentation for girder testing. 
 
3.2 TEST MATRIX AND GIRDER PREPARATION 
3.2.1 Test matrix 
 The matrix for girder testing is listed in Table 3.1. The testing included four cases: 
Control, Damage, Mortar repair, and carbon-FRP (CFRP) repair cases. Control case was the as-
built girder case without any induced end damage. Damage case was represented by introducing 
some level of damage into the end region of the girder in the form of concrete cover removal. 
Mortar repair was applied after the damage was introduced to the end region of the girder. CFRP 
laminate was applied to the damaged girder repaired by mortar. The test results from all four 
tests were compared to evaluate the effectiveness of both mortar and CFRP laminate repair. The 























Control -- -- -- 60.3 -- 
Damaged X -- -- 60.3 -- 
Mortar X X -- 60.3 41.7 
CFRP Laminate X X X 60.3 54.1 
 
3.2.2 Damage and mortar repair of girder ends 
 To mimic the damage/deterioration that girders are subjected to at their end regions 
during service life, concrete cover was removed from the web through the bottom flange. This 
damage pattern was sought as a conservatively severe yet practical damage pattern. For all the 
cases except Control case, concrete cover was removed to approximately the centerline of the 
stirrups. To remove the cover, first, a grid of holes with a depth to the centerline of stirrups was 
drilled. The grid served two purposes, the first was to control the depth of the concrete cover 
removed; while the second was to ease the removal process after drilling. Next, a hammer drill 
with a chisel was utilized to remove the cover. Figure 3.7 presents pictures of the girder after the 






Figure 3.7 Concrete cover removal: (a) grid of drilled holes; (b) girder after cover removal. 
 
 After the cover was removed, the exposed surface was air blasted and vacuumed to 
provide a clean surface for subsequent mortar repair. It is essential to restore the shape of the 
damaged end before any other repair material such as FRP laminate is applied. To obtain a fast 
repair, the same mortar mix that has been used for casting load-bearing mortar plate was utilized 
for mortar repair. With a large amount of concrete being removed, it is of prime importance to 
achieve a uniform thickness within the entire shear span. As a result, the following process was 
adopted. First, a narrow strip of mortar with a thickness equal to that of original cover was 
placed at the edge of the girder. The mortar strip served as the thickness marker to ensure the 
mortar filled within the shear span would yield the same thickness throughout the repaired 
region. Then, water was sprayed on the exposed surface to enhance the bond between the mortar 
and base concrete. A trowel was used to place mortar and obtain the shape of the girder. A long 
straight wood piece was used to remove extra mortar and smoothen the surface. Lastly, the 
mortar surface was wet cured for 1 hour to provide a crack-free surface. The procedure of 





(a) (b)  
  
(c) (d) 
Figure 3.8 Procedure for applying mortar repair: (a) mortar strip for thickness control; (b) 
mortar application for shape restoration; (c) smoothing of mortar surface; (d) wet curing. 
 
3.2.3 CFRP laminate repair of girder ends 
 For the CFRP repair case, after the shape of the damaged girder was restored with mortar 
application, CFRP laminate was applied to the girder on the top of the mortar. The carbon fiber 
fabric and epoxy resin were manufactured by QuakeWrap, Inc. and the CFRP laminate had an 
elastic modulus of 89.6 GPa and tensile strength of 930 MPa (QuakeWrapa,b n.d.). One layer of 
CFRP laminate had a thickness of 1.24 mm. Due to the blockage of the support bearing plate and 
the limited space under the girder near the end region in the field, an externally bonded U-wrap 
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scheme was not feasible. As a result, 2-sided FRP repair approach was adopted, where FRP 
laminates were only applied at the girder sides and not the bottom. After mortar was set, FRP 
laminates with unidirectional fiber orientation were applied to the girder sides using the wet 
layup method as illustrated in Figure 3.9. First, the mortar surface was grinded using a diamond-
tipped blade to provide a rough surface and to increase the bond between epoxy and mortar. 
Then, a thin layer of two-part epoxy which was manufactured by QuakeWrap, Inc. was applied 
to saturate the surface using a paint roller. Afterward, a CFRP panel was placed on the surface 
and pressed by hand to remove any air bobble between the panel and mortar. After panels were 
attached, epoxy was applied to saturate the laminates. The same process was repeated to apply 









   
(a) (b) (c) 
  
(d) (e) 
Figure 3.9 Procedure for applying CFRP laminates: (a) surface grinding; (b) resin application; 
(c) FRP laminates applications; (d) saturating laminates with resin; (d) applying longitudinal 
strips. 
 
 Figure 3.10 depicts a schematic and picture of the applied repair scheme. As illustrated in 
the figure, four panels of one layer of FRP sheet with a width of 279 mm were applied starting 
from the center of the support bearing plate and spaced at 25.4 mm. Three longitudinal strips of 
CFRP laminate were placed atop the panels to provide anchorage. Each strip was 1498 mm long 
and 76.2 mm wide. The longitudinal strips extended 152.4 mm beyond the first and last panel. 
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Vertical strain gage was attached to the third FRP panel to monitor the strain developed within 
FRP laminates.  
  
(a) (b) 
Figure 3.10 CFRP laminate repair design: (a) CFRP laminate dimensions; (b) CFRP test 
setup. 
 
3.3 TEST RESULTS 
 A summary of the four three-point flexural test results is presented in Table 3.2. The 
yielding point is selected as the point where the load vs. deflection curve showed significant 
nonlinearity. The ductility is defined as the ratio between ultimate deflection and deflection at 
the yielding point. The load vs. deflection curves for all four cases are plotted in Figure 3.11. 
Figure 3.12 shows the relationship between strand slip and loading force. For Control, Damage 
and Mortar cases, the girders failed in shear with wide opening of inclined shear cracks and 
pullout of longitudinal strands combined with minor flexural cracks observed under loading 
point. For CFRP case, the girder exhibited more flexure cracks than other cases and failed at the 
pull-out of the strands. Since the strand slip of Control case was not monitored, no data was 
reported. In other strand slip cases, it is noted that strand did not show significant slip until the 


































Control 543.1 100.0 100.0 100.0 100.0 -- -- 
Damage 536.4 98.8 85.6 77.8 60.7 0.34  -- 
Mortar 496.4 91.4 84.7 80.0 46.5 0.40 -- 
CFRP 557.3 102.6 97.7 81.2 109.6 0.01 0.0011 
 
 





Figure 3.12 Load vs. strand end slip curves. 
 
3.3.1 Effect of cover damage and mortar repair 
 As shown in Figure 3.11, the removal of concrete cover resulted in decrease of 14.4% 
and 22.2% in both initial stiffness and secant stiffness, respectively compared to Control case. 
However, the peak force only showed a 1.2% reduction. This is mainly because the failure 
modes of Control and Damage cases were identical due to the pullout of the longitudinal strands. 
Figure 3.13 illustrates the girder from Control and Damage case after failure. It is observed that 
the bonded length starting from the girder’s end to the pullout location of the strand was very 
close for both cases, approximately 635 mm. The similar bonded length would yield a similar 
pullout force. As a result, the total force required to generate such pullout force was also similar, 
which explained why the peak force of Control and Damage cases were almost similar. 
Moreover, the remaining unremoved base (core) concrete was able to undertake high stress in the 
form of compression diagonal strut without showing any crushing of concrete. This is due to the 
high concrete compressive strength, regardless of whether or not the concrete cover is present. 
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Therefore, more inclined shear cracks were observed in Damage case than in Control case. It is 
clear that the removal of the concrete cover had a more detrimental effect on stiffness and 
ductility than on peak load. The ductility of the damaged girder was reduced by 39.3% compared 
to Control case. 
  
(a) (b) 
Figure 3.13 Failure mode: (a) Control case; (b) Damage case. 
 
 From the load-deflection curves presented in Figure 3.11, it can be seen that the force-
deflection curve of Mortar repair case nearly coincided with that of Damage case. Compared to 
Control case, Mortar case showed a reduction of 8.6%, 15.3% and 20.0% in peak load, initial 
stiffness and secant stiffness at yielding point compared to Control case. The ductility of Mortar 
case was even worse than Damage case with 53.5% reduction compared to Control case.  
Based on the test results, it seemed that the mortar repair alone failed to restore the 
capacity and ductility of the girder. There are several reasons that might have caused such 
outcome. First, the bond between mortar mix and base concrete is not sufficiently strong to form 
a composite action between the mortar and the base concrete. Therefore, unlike Control and 
Damage cases where more inclined shear cracks developed during loading, the Mortar repair 
case only showed one main shear crack as shown in Figure 3.14(a). Second, cracks developed in 
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the mortar above the bearing plate were observed on both sides of the girder as shown in Figure 
3.14(b). This is because the mortar surface was not on the same plane with the base concrete. As 
a result, the vertical reaction was originally resisted by the mortar cover until an even surface 
was achieved at the bearing plate, which caused the cracking above the bearing plate, as shown 
in Figure 3.15. Such cracks compromised the integrity of the mortar cover and limited its 
participation in resisting shear stress. To prevent such cracks from developing, it is 
recommended that mortar repair should be terminated slightly above the bearing plate to prevent 
any contact with the bearing plate. From the comparison between Mortar and Control case, 
mortar repair in full-scale girders proved to be insufficient to recover the shear capacity and 
ductility of the girder. 
  
(a) (b) 






Figure 3.15 Cracks caused by uneven force transfer.  
 
3.3.2 Discussion on the effect of CFRP laminate repair 
 From Figure 3.11, it is observed that the overall behavior of the damaged girder was 
improved with CFRP laminate repair. Both peak load and ductility exceeded Control case with 
an increase of 2.6% and 9.6%, respectively. Despite the small difference (2.3%) in the peak load, 
the CFRP laminate repair was able to recover most of the initial stiffness. This is mainly because 
the FRP laminate facilitated the mortar to get engaged in the shear behavior during early loading 
stage, which was not possible with the absence of FRP laminate in Mortar repair case. Overall 
debonding of FRP panel was not observed during the test with only partial debonding 
concentrated around the second and third panels (see Figure 3.16(a)). Longitudinal strip system 
provided sufficient anchorage between vertical FRP panel and mortar cover and only showed 





Figure 3.16 Debonding of CFRP laminates: (a) partial debonding of FRP laminate; (b) total 
debonding of longitudinal strip at the ends. 
 
 The failure mode of CFRP case differed from the other cases by showing major flexural 
cracks under the loading point as shown in Figure 3.17(a). Significant shear crack was not 
observed on either side of the girder. This indicated that the CFPR laminate repair had 
strengthened the damaged end and enhanced the shear capacity of the girder because the failure 
mode was shifted from shear failure to flexural failure. Figure 3.17(b) shows a large crack 
developed on the left side of the girder above the bearing plate, which was caused by the same 
mechanism illustrated in Figure 3.15. However, based on the load vs. deflection curve shown in 
Figure 3.11, the initial stiffness was mostly recovered as well as the ductility of the girder. This 






Figure 3.17 Failure model of CFRP case: (a) flexural cracks under loading point; (b) large 
cracking above bearing plate. 
 
3.4 PROPOSED DESIGN METHODOLOGY 
 After the testing of FRP laminate repaired PPC girder, a design methodology for 
repairing and retrofitting end-damage girders with short shear spans is proposed. The purpose of 
the proposed design method is to introduce a design process that could be adopted by engineers 
to repair the damaged end regions using FRP laminates. The proposed design methodology is 
discussed in the following sections and two examples are presented in Appendix A to 
demonstrate how to use the proposed design process. The layout of the FRP laminate repair 
system considered in the proposed design method is illustrated in Figure 3.18. The repairing of 
small-scale beam conducted by Shaw and Andrawes (2017) was the only work in the literature 
that repaired the end region of concrete beams with same damage pattern as described in current 
study, therefore, the test results of small-scale beam testing, as well as the results from full-scale 




Figure 3.18 Proposed layout of FRP laminate repair system. 
 
 The goal of FRP laminate repair is to use FRP laminates to restore the loss of shear 
capacity of the concrete beam subjected to end region damage. As a result, it is critical to 
estimate the shear loss in the first place. Once the lost shear capacity is determined, FRP 
laminate is introduced to compensate for the shear loss. Herein, the modified compression field 
theory (MCFT) (Vecchio and Collins 1986) was exploited to compute the FRP strain, which is 
required to predict the force demand on FRP laminates. By combining the shear loss, FRP strain, 
and the material properties of the used FRP, the amount of FRP material needed for completing 
the repair process can be determined. The details of the proposed design method are as follows: 
Step 1: Estimate the total loss of shear capacity, ∆𝐹 using any method or by using 
Equation 3-1, which assumes that the loss of shear capacity is mainly due to the cracking of 
concrete in the web. ∆𝐹 is calculated as 
 ∆𝐹 = 𝑓𝑟 × 𝑙𝑐 × 𝑐 (3-1) 
where, 𝑓𝑟 is the modulus of rupture of concrete, 𝑐 is the thickness of the damaged concrete, and 
𝑙𝑐 is the longitudinal projection of initial shear crack. The initial shear crack appears mainly in 
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the web, and for simplicity, is assumed to be at an angle of approximately 45° with respect to the 
longitudinal axis of the beam as shown in Figure 3.19. 
 
Figure 3.19 Illustration of loss of tensile force due to cracking of 
web cover.  
 
Step 2: Determine the average longitudinal tensile strain in the web, 𝜀𝑥 (see Figure 3.20) 
using Equation 3-2. It is noted that Equation 3-2 is used for the case where the shear 
reinforcement satisfies the minimum requirement of shear reinforcement specified in AASHTO 
LRFD (2017). Table B5.2-1 used in the MCFT method from AASHTO LRFD (2017) is used to 
perform iterations to obtain 𝜃 and 𝛽 that are used in Equation 3-2. 𝜀𝑥 is given by 
 𝜀𝑥 = 
|𝑀𝑢|
𝑑𝑣
 + 0.5𝑁𝑢 + 0.5|𝑉𝑢 − 𝑉𝑝|𝑐𝑜𝑡𝜃 − 𝑛𝐴𝑝𝑠𝑓𝑝0
2(𝐸𝑠𝐴𝑠 + 𝐸𝑝𝑛𝐴𝑝𝑠)
 (3-2) 
where, 𝜃 is an angle between diagonal compressive stress and the longitudinal axis of the beam 
as shown in Figure 3.21 𝛽 is a factor relating to the effect of longitudinal strain on the shear 
capacity of concrete and is used in calculating 𝑉𝑢, therefore, 𝛽 is not revealed directly in 
Equation 3-2. 𝑀𝑢 is factored moment and is not taken less than 𝑉𝑢𝑑𝑣; 𝑉𝑢 is factored shear force; 
𝑁𝑢 is factored axial force; 𝑉𝑝 is a component in the direction of the applied shear of the effective 
prestressing force; 𝑑𝑣 is effective shear depth. 𝐴𝑠 and 𝐴𝑝𝑠 are the area of non-prestressing tensile 
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reinforcement and area of prestressing steel, respectively; 𝐸𝑠 and 𝐸𝑝 are the Young’s modulus of 
non-prestressing tensile reinforcement and prestressing steel, respectively. 𝑓𝑝0 is a parameter 
taken as modulus of elasticity of prestressing tendons multiplied by the locked-in difference in 
strain between the prestressing tendons and surrounding concrete, for the usual levels of 
prestressing, a value of 0.7𝑓𝑝𝑢 is appropriate (AASHTO LRFD (2017)). 
 
Figure 3.20 Average tensile strain in the web. 
 
Step3: Plug 𝜀𝑥, 𝜃 into Equation 3-3, and the principal tensile strain (𝜀1) is computed as 





)] 𝑐𝑜𝑡2𝜃 (3-3) 
where 𝑣𝑢 is the average factored shear stress in the concrete. 
Step 4: Obtain the vertical component (𝜀𝑦) of 𝜀1 by multiplying 𝜀1 by cos𝜃. The 
directions of 𝜀1 and 𝜀𝑦 are shown in Figure 3.21. The FRP design strain (𝜀𝐹𝑅𝑃) is computed by 
dividing 𝜀𝑦 by a factor (see Equation 3-4). The factor, 𝜇 is defined as the ratio between the 
vertical component of ultimate strain calculated using Equations 3-2 and 3-3 and the strain of 
FRP laminate at peak force. Based on the test results of the small-scale beam (Shaw and 
Andrawes 2017) and full-scale girder, the value of 𝜇 was found to be on average equal to 6.0. 
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𝜀𝐹𝑅𝑃 is the effective strain that would develop within FRP laminate. Per ACI 440.2R (2008), due 
to loss of aggregate interlock of the concrete, the effective strain that could be reached in FRP 
laminate is less than its ultimate strain and should not be greater than 0.004. As a result, if the 
computed 𝜀𝐹𝑅𝑃 is found to be greater than 0.004, a value of 0.004 shall be used to design FRP 
laminate. As a result, the effective strain in FRP laminate is given by 









Figure 3.21 Direction of 𝜀1 and 𝜀𝑦. 
 
Step 5: Choose the material type of FRP system and calculate the amount of FRP 
material needed using Equation 3-5. The thickness of FRP layer (𝑡) is computed as 




where, 𝐸𝐹𝑅𝑃 is the Young’s modulus of the selected FRP material, 𝐿𝑠 is the length of the shear 
span as shown in Figure 3.18. 
Step 6: Determine the width of the longitudinal strip (𝑤𝑎), spacing (𝑠𝐹𝑅𝑃) between panels 
and anchor length (𝐿𝑎) (see Figure 3.18). 
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It is recommended to place 3 longitudinal strips: at the top of the web, the bottom of the 
girder, and the joint between web and bottom flange (if applicable). Based on the testing of full-
scale girders, the width (𝑤𝑎) of the strips is recommended to be at least 76 mm. The spacing 
(𝑠𝐹𝑅𝑃) between FRP panels is suggested to be at least 25 mm. to ensure sufficient bond between 
anchor strip and concrete. For girders with sufficient space around the end region, longitudinal 
strips could be looped around the end of the girder. For girders with inadequate space around the 
end region, the longitudinal strips could be terminated at girder end with sufficient anchorage 
length using the same layout of full-scale girder testing as depicted Figure 3.10. For both cases, 
the anchorage length (𝐿𝑎) needs to be equal to or greater than 152 mm. It is important to note 
that detailing values (𝑤𝑎, 𝑠𝐹𝑅𝑃 and 𝐿𝑎) recommended herein are primarily based on the limited 




 In order to explore the efficacy of FRP laminate in repairing the concrete girder with end 
region damages, three-point bending tests were conducted on full-scale AASHTO Type II 
girders repaired with mortar and CFRP laminates. The end damage that the girder sustained 
during its service life was simulated by removing the concrete cover from the web to bottom 
flange, followed by repairing the end region with a rapid set mortar and wet layup CFRP 
laminates. The effectiveness of the repair methods was evaluated by the restoration of the 
capacity of the damaged girder. Based on the test results, mortar repair alone could not 
sufficiently recover the capacity of the girder, whereas CFRP laminate could restore both load-
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carrying capacity and ductility of the girder. The proposed design process could be utilized to 
























CHAPTER 4: FINITE ELEMENT ANALYSIS OF FRP LAMINATE REPAIR 
 
 This chapter presents the finite element (FE) work conducted to explore FRP laminate as 
a repair method to recover the shear capacity of concrete beams with distressed end region. A 
parametric study was performed to explore the effects of various parameters on the repair 
performance of FRP laminates. ABAQUS (Dassault Systèmes 2013) was used to create a 3D 
finite element model of the full-scale PPC girder discussed in Chapter 3 to conduct the numerical 
analysis. First, information of the finite element model including the geometry of the girder, 
internal reinforcements, and loading schemes is described in detail, followed by introducing the 
model assembly to explain how the FE model was generated. Afterward, the 3D FE model is 
calibrated for two cases, namely, Control and CFRP repair cases using experimental results of 
the full-scale PPC tested in Chapter 3. Next, a parametric study was performed to explore the 
impact of various parameters such as the number of FRP panels, width and anchor length of the 
longitudinal strip, etc. on the repair performance of FRP laminate. In the end, the effects from 
different parameters were discussed to obtain an optimal design system for using FRP laminates.  
 
4.1 MODEL DESCRIPTION 
 The 3D FE model discussed in this chapter composed of precast prestressed concrete 
(PPC) girder with internal reinforcement, loading plate, bearing plate as well as FRP laminate for 






4.1.1 PPC girder 
 The modeled PPC girder had the same geometry and dimension as shown in Figure 
3.2(a). The overall depth of the cross-section was 914 mm. The width of the top flange and the 
bottom flange was 305 mm and 457 mm, respectively. The height of the web was 432 mm. The 
total length of the girder was 8.38 m. In order to reduce computational time, only half of the 
concrete girder was modeled. 3D-stress C3D8 element was used to model the concrete girder. 











Figure 4.1 Illustration of PPC girder model: (a)-(b) cross section view of one-half girder 





 The concrete material constitutive model used in FE analysis was concrete damaged 




or 36.7 GPa. Poisson’s ratio was selected as 0.2. The five plasticity parameters which are dilation 
angle, eccentricity, fb0/fc0, K and viscosity parameter were defined as 30°, 0.1, 1.16, 0.6667 and 
0, respectively. The uniaxial compressive behavior of the concrete was simulated by the model 
which was proposed by CEB-FIB (1993) and adopted by other researchers (Arduini et al. 1997 
and Sümer and Aktaş 2015). The ascending branch of the stress-strain compressive behavior of 
the concrete material model is expressed by 













where 𝜎 is the compressive stress at corresponding compressive strain 𝜀; 𝜀𝑐 is the compressive 
strain at the maximum compressive stress, 𝑓′
𝑐
. The descending branch of the concrete was 




. Considering the relatively high 
compressive strength (60.3 MPa) of the full-scale PPC girder, the ultimate strain (𝜀𝑐𝑢) of the 
concrete model was selected as 0.002. The tensile behavior of the concrete was simulated as 
bilinear behavior with an ascending branch and a descending branch. The modulus of the 
ascending branch was the same as the Young’s modulus. Considering the fact that the girders 
have served in the field for over 40 years, the tensile strength (𝑓𝑡𝑐) of the concrete was reduced 
and determined during the calibration of the model. A moderate slope of the descending branch 
was adopted to avoid convergence problems. The stress-strain behavior of the concrete used in 





Figure 4.2 Stress-strain behavior of concrete damage plasticity model: (a) compressive 
behavior; (b) tensile behavior. 
 
For CFRP laminate repaired concrete girder model, the same concrete material 
constitutive model was assigned to the damaged concrete girder, while the property of the mortar 
cover was simulated by the concrete damage plasticity model using the properties listed in Table 
3.1. 
 
4.1.2 Internal reinforcements 
 All the internal reinforcements including prestressing strands, longitudinal mild steel 
rebars, vertical stirrups, and bottom stirrups were modeled using 3D Truss T3D2 elements. 
Figure 4.3 illustrates the detailed information of internal reinforcements. Vertical stirrups labeled 
as G1 were of #4 mild steel rebars with section area equal to 126 mm2 and yielding strength of 
276 MPa. Vertical stirrups started 51 mm from the edge of the concrete girder and were spaced 
at 152 mm within a distance of 660 mm from the edge. Outside this region, the space between 
vertical stirrups was increased to 330 mm. Bottom stirrups G2 were of #3 mild steel rebars with 
section area of 71 mm2 and yielding strength of 276 MPa. G2 stirrups were placed within a 
region of 2.33 m from the edge of the girder and spaced at 228 mm. A total of six 12.7 mm-
diameter stress-relieved prestressing strands (G3) with an elastic modulus of 186.2 GPa and 
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ultimate strength of 1862 MPa were placed at the bottom of the girder. Considering the full-scale 
girders have served in the field for over 40 years, the effective prestressing stress was reduced to 
896 MPa. A temperature predefined field was assigned to the prestressing strands to cause a 
shrink of the strands that would represent the effect of prestressing applied to the FE model. As 
shown in Figure 4.3(c), two G3 strands were placed in the top flange of the concrete girder to 
help the placement of the vertical stirrups. Therefore, these two strands were not prestressed. 
Three longitudinal mild steel rebars (G4) were placed along the whole length of the concrete 




(a) (b) (c) 
 
(d) 
Figure 4.3 Reinforcement details of FE model: (a) vertical stirrups: G1; (b) bottom stirrups: 




 The mild steel i.e. G1, G2 and G4 was modeled as bilinear with the elastic region 
characterized by Young’s modulus of 206 GPa and plastic plateau as shown in Figure 4.4(a). The 
stress-strain curve of the stress-relieved prestressing strands followed the curve adopted by 
Naaman (2012) and is depicted in Figure 4.4(b). 
  
(a) (b) 
Figure 4.4 Stress-strain curves of the internal reinforcement: (a) mild steel; (b) prestressing 
strands. 
 
4.1.3 Loading and bearing plates 
 The loading plate consisted of two parts, the steel plate from the hydraulic actuator and 
the mortar block used to provide a flat loading surface. The steel plate from actuator was a 356 
mm x 356 mm square with a thickness of 51 mm. The mortar block had the same dimensions as 
the one used in the testing of the PPC girder, i.e. 305 mm x 305 mm x 102 mm. Bearing plate 
acting as support was a steel plate with dimensions of 330 mm x 508 mm x 203 mm. Figure 4.5 
illustrates the dimensions of the loading plate and the bearing plate. 
  The steel plate and bearing plate were assumed to behave linearly without plastic 
deformation. The elastic modulus of both plates was 206 GPa. The material property of the 
mortar block was simulated by concrete damage plasticity model with tested compressive 





Figure 4.5 Loading and bearing plate: (a) cross section; (b) elevation.  
 
4.1.4 FRP laminates 
 The FRP repair method adopted in the full-scale girder testing was 2-side wet layup FRP 
laminate with 4 CFRP panels on each side of the girder with 3 longitudinal CFRP strips as 
anchors. In the FE model, the FRP laminate was modeled by S4 4-node shell elements. Each 
FRP panel had a width of 279 mm and was spaced at 25.4 mm which was left to attach 
longitudinal strips. The first panel started from the center of the bearing plate. Three longitudinal 
strips with dimensions of 1498 mm x 76.2 mm were attached on top of the FRP laminates. On 
both ends, the longitudinal strips extended 152 mm to provide sufficient anchor length. The 




Figure 4.6 Layout of CFRP laminates in the FE model. 
 
 FRP laminate is a composite material which can be modeled as an orthotropic plane-
stress elastic behavior. The CFRP laminates used in the full-scale girder testing were all 
unidirectionally oriented, as a result, elastic lamina behavior was adopted to simulate the 
material properties of the CFRP laminates. A total of six parameters needed to be defined, which 
were 𝐸1, 𝐸2, 𝑁𝑢12, 𝐺12, 𝐺13 and 𝐺23. 𝐸1 and 𝐸2 are the elastic moduli of the FRP laminate in the 
direction parallel and perpendicular to the fiber direction, respectively. 𝐺12 and 𝐺13 are the 
longitudinal shear moduli in the directions parallel to the plane, therefore, for this model they 
were identical. 𝐺23 is the transverse shear modulus and 𝑁𝑢12 is the major Poisson’s ratio. For 
unidirectional FRP laminate,  𝐸1 and 𝐸2 corresponded to the tensile modulus of the composite 
and the tensile modulus of the epoxy, respectively. Table 4.1 lists the material properties of the 
unidirectional carbon fibers, epoxy, and composites used in this study. From Table 4.1 it is noted 
that the values for 𝐸1 and 𝐸2 were 89.6 GPa and 2.0 GPa, respectively. To calculate the rest of 
the parameters, different methods have been proposed (Voigt 1889, Reuss 1929, Hashin and 
Rosen 1964, Budiansky 1965, Hill 1965, Mori and Tanaka 1973, Halpin and Kardos 1976, 
Chamis 1989, Huang 2001). Younes et al. (2012) summarized the models proposed by the 
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aforementioned researchers and developed an FE model combined with tests to numerically and 
experimentally obtain the shear moduli.  
The relationship between the fiber volume fraction (𝑉𝑓) and each shear modulus was 
plotted separately in the figures so that for a given 𝑉𝑓 the corresponding shear modulus could be 
obtained from the figure. One example which illustrated the relationship between 𝑉𝑓 and 𝐺12 is 
shown in Figure 4.7. From the figure, it is noted that the FE model displayed a good match with 
the test results, therefore, the curves from FE analysis were used to obtain the shear moduli. Rule 
of mixture “ROM” proposed by Voigt (1889) was widely adopted to relate the fiber volume 
fraction (𝑉𝑓) to the tensile modulus 𝐸1 because of its simplicity and relatively high accuracy 
(Hashin and Rosen 1964, Budiansky 1965, Hill 1965 and Mori and Tanaka 1973). The 
relationship between 𝑉𝑓 and 𝐸1 proposed by Voigt (1889) was given by 
 𝐸1 =  𝑉𝑓𝐸1,𝑓 + (1 − 𝑉𝑓)𝐸1,𝑒 (4-3) 
where  𝐸1,𝑓 is the tensile modulus of the unidirectional fabric fiber and 𝐸1,𝑒 is the tensile modulus 
of the epoxy. Hence, the fiber volume fraction was calculated as 0.383. Based on the value of 𝑉𝑓, 
the values of 𝐺12, 𝐺23 and 𝑁𝑢12 were obtained as 4.2 GPa, 3.1 GPa and 0.32, respectively 
through the interpolation between the figures provided by Younes et al. (2012). 











Caron fiber 1.24 231 3800 0.0164 
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Figure 4.7 Analytical, numerical and experimental results for 𝐺12 with respect to 𝑉𝑓 (Younes 
et al. 2012). 
 
4.1.5 Cohesive layer 
 A cohesive layer is introduced to capture the bond slip behavior between FRP laminate 
and concrete surface. The cohesive layer was represented by a very thin layer with a thickness of 
1.27 mm and was modeled as 3D-stress C3D8 element. The cohesive layer was placed at the 
locations where the FRP laminate and the longitudinal FRP strips were bonded to the base 
concrete as shown in Figure 4.8. 
 
Figure 4.8 Layout of the cohesive layer in the FE model. 
 
 The mechanical behavior of the cohesive layer was modeled by bilinear traction-
separation which was characterized by linear ascending branch and maximum stress damage law. 
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The elastic response of the traction behavior was defined by three parameters which were 
nominal traction modulus (𝐸𝑛𝑛), shear moduli (𝐸𝑠𝑠 and 𝐸𝑡𝑡) in the longitudinal and transverse 
directions, respectively. Since the epoxy that bonded FRP laminate to the concrete surface was 
isotropic material, the three elastic moduli were assumed to be identical. The separation between 
the FRP laminate and the concrete surface was simulated by maximum stress damage law which 
stated that the damage i.e. separation started to occur under the condition that the maximum 
shear stress within the bonded surface was reached or the maximum tensile stress nominal to the 
bonded surface was reached. From Table 4.1 it is noted that the tensile strength of the epoxy was 
much higher than that of the concrete tensile strength. As a result, the nominal separation was 
governed by the rupture of concrete, indicating that the nominal stress was equal to the concrete 
tensile strength which was determined during the calibration of the model. The shear stress was 
obtained from the CFRP laminate bond test conducted by Andrawes et al. (2018). Hence the 
elastic modulus and the maximum shear stress were taken as 69.0 MPa and 3.8 MPa. 
 
4.2 MODEL ASSEMBLY 
 After individual parts were created in ABAQUS, the whole FE model was generated by 
assembling all parts together. Control and CFRP repair cases from the testing of the full-scale 
PPC girder were utilized to calibrate the FE model for each case. The assembly of each model is 
explained in the following.  
 
4.2.1 Model assembly of Control case 
 For Control case, the concrete girder was undamaged, as a result, the concrete girder part 
described in section 4.1.1 was used. The internal reinforcements including prestressing strands, 
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vertical and bottom stirrups, longitudinal rebars were embedded into the host concrete elements 
using a constraint type called “Embedded region” as shown in Figure 4.9. The embedded 
reinforcement lied inside the concrete and their translations were constrained by the surrounding 
concrete. 
 
Figure 4.9 Embedment of the internal reinforcements. 
 
 After the internal reinforcement were embedded inside the concrete girder, loading and 
bearing plates were attached to the girder model. A constraint type called “Tie” was utilized to 
fix the loading and bearing plate to the concrete. When tie constraint is used, there will be no 
relative displacement between the attached two parts. Owing to the symmetry of the model, there 
was no displacement in the lateral direction. Lateral constraint was applied to the center face of 
the model to restrain the lateral displacement of the model as shown in Figure 4.10(a). As shown 
in Figure 4.10(b), bearing plate was tied to the bottom surface of the concrete girder at a distance 
of 152 mm from its left edge to the end of the girder. The bearing plate was shifted to avoid the 
loose concrete end as shown in Figure 3.6. After the steel plate was first tied to the top surface of 
the mortar block, the two parts were attached to the concrete girder by binding the bottom 
surface of mortar block to the top surface of the concrete girder. The distance from the centerline 
of the bearing plate to the centerline of the loading plates was 1079 to achieve a/d ratio equal to 










Figure 4.10 Constraints of the FE model of Control case: (a) lateral constraint; (b) constraints 
between individual parts; (c) assembled model of Control case.  
 
4.2.2 Model assembly of CFRP repair case 
 For CFRP repair model, the assembly of the internal reinforcement, the bearing and 
loading plates were exactly the same as in Control case. For CFRP repair case, the concrete 
girder was damaged by removing the concrete cover within the shear span to simulate the end 
region damage. Afterward, the mortar cover was placed with CFRP laminates attached on its 
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surface. The sequence of the attachment of each individual part is illustrated in Figure 4.11(a). 
FRP longitudinal strips were first tied to the top surface of the FPR laminate panels at the 
locations where they were overlapped. Also, FRP strips were attached on top of the cohesive 
layers at the anchor locations. Then FRP laminates were tied to the top surface of the cohesive 
layers. Afterward, the whole FRP repair system was tied to the surface of the mortar cover which 
was attached to the surface of the damaged concrete girder. The mortar cover properties were 
simulated by concrete damage plasticity model with the compressive strength listed in Table 3.1 
and the tensile strength determined through calibration. The final model after assembly is shown 







Figure 4.11 Constraints of the FE model of CFRP repair case: (a) constraints between 




4.3 MODEL CALIBRATION 
 After the models were assembled, Control case and CFRP repair case were calibrated 
separately based on the test results from the full-scale PPC girder testing. The applied loading 
sequence included prestressing, camber elimination and vertical loading. Each loading sequence 
and calibration results are shown in the following.  
 
4.3.1 Prestressing and camber elimination 
 The test setup used in FE analysis was the same as the one used in the full-scale girder 
testing with the shear span equal to1079 mm and the total span equal to 6400 mm. Figure 4.12 
depicts the test setup for CFRP repair case. The vertical load was controlled by a uniform 
vertical displacement applied on top of the steel plate. The vertical deflection of the girder under 
the loading point as well as the reaction force of the two supports was monitored to obtain the 
force vs. deflection curves. As mentioned before, a predefined temperature field was assigned to 
the prestressing strand so that the strand would shrink upon the application of temperature to 
prestress the concrete girder. Because the PPC girders have served in the field for over 40 years, 
the camber was neglected. As a result, a uniform load was applied to offset the camber after 
prestressing. After camber was removed, the stress state of the whole FE model was transferred 
to an undeformed model for applying the vertical load. The purpose of the stress transformation 
especially for CFRP repair case was to ensure the applied mortar cover would not be subjected to 
any stress during the prestressing of the concrete girder. The translation of the left support in 
both longitudinal and vertical direction was restrained and only rotation was allowed, while the 
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right support was allowed to translate in the longitudinal direction and rotate with only vertical 
translation restrained. 
 
Figure 4.12 Test setup for FE model of CFRP repair case. 
 
4.3.2 Model calibration of Control case 
 The reaction forces from the two supports were summed to obtain the loading force. 
Force vs. deflection curve was plotted and compared to that from the full-scale girder testing. 
Calibration was performed by modifying the tensile strength of the concrete through numerous 
iterations until the force-deflection curve from the FE model showed a good match with the 
experimental curve. Figure 4.13 shows the final force vs. deflection curves for Control case. 
From the figure, it is noted that the shear response of the FE model exhibited good agreement 
with that of the tested specimen by showing a linear response followed by a plateau.  
 




The stress distributions of the concrete web and the vertical stirrups are shown in Figure 
4.14. The principal tensile stress shown in Figure 4.14(a) indicated the location and propagation 
of the inclined shear crack. The principal compressive stress represented the inclined 
compression strut between the loading plate and the bearing plate. Two vertical stirrups crossed 
by the inclined shear (see Figure 4.14(b)) yielded during the loading indicating that the girder 
experienced shear failure. Through comparing the damage with that observed in the testing of 
Control case (see Figure 3.13(a)), it is found that the stress distribution contour from the FE 
model displayed similar damage pattern. 
  
(a) (b) 
Figure 4.14 Stress distribution within shear span: (a) principal tensile and compressive stress 
distribution within the concrete web; (b) tensile stress distribution of vertical stirrups. 
 
4.3.3 Model calibration of CFRP repair case 
 The same calibration process was performed on CFRP repair FE model and the final 
force-deflection curve is plotted in Figure 4.15. From the figure, the shear response of the CFRP 





Figure 4.15 Force vs. deflection curves for CFRP repair case. 
 
 Figure 4.16 presents the contour of different components in CFRP repair mode. From 
Figure 4.16(a) it is noted that the first and last panels didn’t undertake much load compared to 
the second and third panels. The first panel showed relatively high stress at the location where 
the bearing plate was placed, which confirmed the phenomenon explained in Figure 3.15. Stress 
concentration was observed around the middle regions of the second and third panels, which 
indicated high shear demand around these regions and corresponded to the debonding of CFRP 
laminate observed in Figure 3.16(a). The two yielded vertical stirrups pointed out in Figure 
4.16(b) indicated the shear failure mode of the model. Figure 4.16(c) exhibits the displacement 
contour of the FRP longitudinal strips. It is observed that the ends of each strip showed large out-
of-plane displacements, which indicated the debonding of the longitudinal strips at the ends as 
observed in Figure 3.16(b). Therefore, the stress distribution of the CFRP laminate and the 
vertical stirrups, as well as the debonding of the longitudinal strips, proved that the CFRP repair 
FE model could capture the shear response of the tested girder and was feasible for the following 







Figure 4.16 Contours of CFRP repair FE model: (a) stress distribution in the CFRP laminates; 
(b) stress distribution of the vertical stirrups; (c) displacement contour of longitudinal strips. 
 
4.4 PARAMETRIC STUDY 
 After the CFRP repair FE model was calibrated, a parametric study was performed to 
explore the effects of a number of factors on the shear performance of the concrete girder 
repaired by CFRP laminates. The studied variables included the thickness of FRP laminates, the 
number of FRP panels, the width (𝑤𝑎) and the anchor length (𝐿𝑎) of the longitudinal FRP strips 
as shown in Figure 4.17. The longitudinal strips were made of FRP laminate with a thickness of 




Figure 4.17 Studied variables in the parametric studies. 
 
 Each FE model was labeled as CFRP followed by four parameters. The first parameter 
indicated the thickness of the FRP laminates which directly associated with the amount of the 
material used. To achieve a fair comparable basis when the number of the FRP panels was 
reduced, the total thickness of the FRP laminates should increase to ensure the same amount of 
FRP material used for all cases. Hence, three laminate thicknesses, i.e. 1.24 mm, 2.48 mm and 
1.65 mm were labeled as 1, 2 and 3, respectively in the Model IDs. The second number 
represented the number of the FRP panels used. The third and the fourth numbers were the width 
and the anchor length of the longitudinal FRP strips. The details of each FE model are listed in 
Table 4.2. 
 Although there was only concrete spalling considered in the damage simulation during 
the testing of full-scale PPC girders, end region damage could still involve the corrosion of 
internal steel reinforcements, which leads to the loss of section area of stirrups. To study the 
repair effect of FRP laminates for both concrete spalling and steel corrosion, one damage case 
with the removal of concrete cover and reduced section area of stirrups within the shear span was 
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first analyzed. Afterwards CFRP laminate repair was applied in the same manner as explained 
above and analyzed. The Model ID for both cases are Damage and Damage-FRP repair.  












CFRP-1-p4-w3-a6 1.24 4 76.2 152 
CFRP-2-p4-w3-a6 2.48 4 76.2 152 
CFRP-2-p2-w3-a6 2.48 2 76.2 152 
CFRP-3-p3-w3-a6 1.65 3 76.2 152 
CFRP-1-p4-w1-a6 1.24 4 25.4 152 
CFRP-1-p4-w5-a6 1.24 4 127 152 
CFRP-1-p4-w0-a0 1.24 4 0 0 
CFRP-1-p4-w3-a1 1.24 4 76.2 25.4 
CFRP-1-p4-w3-a9 1.24 4 76.2 228 
 
4.5 DISCUSSION ON FRP LAMINATE REPAIR RESULTS 
After being repaired with FRP laminates, the girders were loaded until severe debonding 
of FRP laminate strip was recorded. The peak force and the ductility of each case from FE 
analysis are presented in Table 4.3 to evaluate the effect of each parameter. The ductility is 
defined as the ratio between ultimate deflection and deflection at the yielding point. From Figure 
4.13 and Figure 4.15, significant non-linear behavior was observed at a deflection of 2.5 mm 
which was considered as the yielding point of the girder. The numerical results of each studied 





Table 4.3 Results of FE analysis 
Model 
Peak force Ductility 
Values, kN % of Control Values % of Control 
Control 535.2 100.0 7.1 100.0 
CFRP-1-p4-w3-a6 579.2 108.2 10.3 145.1 
CFRP-2-p4-w3-a6 605.4 113.1 7.6 107.0 
CFRP-2-p2-w3-a6 446.2 83.4 2.2 31.0 
CFRP-3-p3-w3-a6 583.7 109.1 7.1 100.0 
CFRP-1-p4-w1-a6 550.1 102.8 7.6 107.0 
CFRP-1-p4-w5-a6 602.8 112.6 7.8 109.9 
CFRP-1-p4-w0-a0 536.5 100.2 8.9 125.4 
CFRP-1-p4-w3-a1 570.6 106.6 8.2 115.5 
CFRP-1-p4-w3-a9 574.8 107.4 9.6 135.2 
Damage 334.7 62.5 7.0 98.6 
Damage-FRP repair 574.6 107.4 8.5 112.0 
 
4.5.1 Effect of thickness of FRP laminates 
 The effect from the thickness of FRP laminates was investigated by increasing the 
thickness of the composite layup defined in ABAQUS from 1.24 mm to 2.48 mm. From Figure 
4.18 it is observed that compared to Control case, CFRP-1-p4-w3-a6 yielded 8.2% increase in 
peak force, while the case with larger thickness increased the peak force by 13.1%. Such 
improvement was expected due to the increase in the amount of FRP resisting shear. However, 
CFRP-2-p4-w3-a6 exhibited 26.2% lower ductility than CFRP-1-p4-w3-a6. This is because the 
improvement in the load-carrying capacity led to higher demand in the deformation of the CFRP 
laminate causing the early debonding of the longitudinal strips at their ends. The results indicated 
that with more shear reinforcement used came a higher improvement in the shear capacity of the 




Figure 4.18 Force vs. deflection curves of the models with different thickness of FRP 
laminates. 
 
4.5.2 Effect of number of FRP panels 
 From Figure 4.16(a), it is clear that the first and last panels were subjected to lower stress 
than the panels located at the center of the shear span where high shear demand is expected. As a 
result, in order to reduce labor and make full use of the mechanical property of the FRP 
materials, the number of FRP panels was reduced. In the meantime, the total thickness of each 
FRP panel was increased accordingly to ensure that the total material usage was the same for all 
the cases. A total of three cases with two, three and four FRP panels were studied as shown in 
Figure 4.19. The force-deflection curves, as well as the peak force and ductility, were evaluated 







Figure 4.19 CFRP FE models with different number pf FRP panels; (a) CFRP-2-p2-w3-a6: 
two panels; (b) CFRP-3-p3-w3-a6: three panels; (c) CFRP-1-p4-w3-a6: four panels. 
 
 From Figure 4.20 it is shown that although the volumetric ratio of the FRP laminates was 
the same for all three cases, the peak force and especially the ductility of the concrete girder was 
significantly affected by the layout of the FRP repair system. The model with three and four FRP 
panels improved the peak force of the Control girder by 9.1% and 8.2%, respectively. However, 
the peak force of the girder repaired with two FRP panels was not fully recovered and only 
reached about 83.4% of that of Control case. Moreover, the model with two FRP panels failed at 
an early stage of loading, resulting in very low ductility which was only 31% of that of Control 
case. Although the ductility achieved by three FRP panels was 31.1% lower than that from four 




Figure 4.20 Force vs. deflection curves of the models with different number of FRP panels. 
 
 Figure 4.21 shows the stress and displacement contour of the FRP panels and the 
longitudinal strips. From Figure 4.21(a)-(c), it is observed that as the number of FRP panels 
increased, the stress was more uniformly distributed into the panels, which would reduce the 
stress concentration developed within the FRP laminates. Through comparing the stress 
distribution of the three FRP panels to that of the four FRP panels, it is noted that the stress 
contour was similar for all three cases with the fourth FRP panel showing almost zero stress, 
indicating that for the shear span to depth ratio (a/d) of 1.25 adopted in the full-scale girder 
testing and FE analysis, three panels of FRP laminate with the width of each panel equal to 279 
mm were sufficient to recover both peak force and ductility of the damaged PPC girder.  
Figure 4.21(d) shows the debonding of the longitudinal strips of two FRP panels. The 
early debonding of the FRP strips for the two-panel case was because the ends of the longitudinal 
strip which served as anchors were placed within the shear span. Compared to the four-panel 
case where the ends of the longitudinal strips were outside the critical region, the ends of 
longitudinal strips in the two-panel case were within the shear span. Hence, high shear stress 
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developed at the ends of the strips led to early debonding, which compromised the ductility of 
the girder significantly. A similar situation was also observed in the three-panel case. Therefore, 
although the improvement in peak force was quite close, girder repaired with three FRP panels 
achieved less improvement in ductility as compared to the four-panel case.  
  
(a)  (b)  
 
 
(c)  (d)  
Figure 4.21 Stress and displacement contour: (a) stress within two FRP panels; (b) stress 
within three FRP panels; (c) stress within four FRP panels; (d) strip debonding of two FRP 
panels.  
 
4.5.3 Effect of width (𝒘𝒂) of FRP strips 
 The longitudinal FRP strips acted as constraints to anchor the FPR laminates so that 
sufficient stress would be developed within the FRP to achieve effective repair for the concrete 
girder with distressed end region. The performance of the longitudinal strips was controlled by 
two parameters, the width (𝑤𝑎) and the anchor length (𝐿𝑎). Herein, the effect of 𝑤𝑎 was explored 
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by studying three strip widths, 25.4 mm, 76.2 mm and 127 mm as shown in Figure 4.22. The 





Figure 4.22 CFRP FE models with different width of FRP trips: (a) CFRP-1-p4-w1-a6: 𝑤𝑎 = 
25.4 mm; (b) CFRP-1-p4-w3-a6: 𝑤𝑎 = 76.2 mm; (c) CFRP-1-p4-w5-a6: 𝑤𝑎 = 127 mm. 
 
 Figure 4.23 presents the force-deflection curves for all three cases. It is shown that all 
cases recovered the shear capacity of the repaired girder by exceeding the peak force of Control 
case by 2.8%, 8.2% and 12.6% for the cases with a strip width of 25.4mm, 76.2mm and 127 mm, 
respectively. Also, all the cases reached or exceeded the ductility of Control case. The results 
demonstrated that the three strip widths adopted in the analysis were able to assist FRP laminate 




Figure 4.23 Force vs. deflection curves of the models with different width of FRP strips. 
 
Figure 4.24 illustrates the stress distribution of the cohesive layer for all the cases. As 
circled in the figure, the stress within the cohesive layer was constrained to localized regions 
because of the confinement provided by the longitudinal FRP strips. By comparison through 
Figure 4.24(a)-(c), it is discovered that with larger strip width the stress was concentrated in a 
smaller area, which alleviated the debonding of the FRP laminates and allowed more stress to 
develop into FRP laminates. As a result, the peak force inclined along with the increase of strip 
width. From the results of the cases with different strip width, wider strips would prevent the 
overall debonding of FRP laminates and provide confinement for FRP laminates to enhance the 
repair effect. Although wider strip would indicate higher shear capacity, a strip width of 76.2 mm 








Figure 4.24 Stress distribution within cohesive layer: (a) 𝑤𝑎 = 25.4 mm; (b) 𝑤𝑎 = 76.2 mm; 
(c) 𝑤𝑎 = 127 mm. 
 
4.5.4 Effect of anchor length (𝑳𝒂) of FRP strips 
 The second parameter that would affect the contribution of the longitudinal strip to the 
shear behavior of the repaired concrete girder was the anchor length (𝐿𝑎). As shown in Figure 
4.25, fours cases including no strip, 𝐿𝑎 equal to 25.4 mm, 152 mm and 228 mm were studied. 
The force-deflection curves for all cases are plotted in Figure 4.26 to provide comparisons of the 





(a)  (b)  
  
(c)  (d)  
Figure 4.25 CFRP FE models with different anchor length of FRP strips: (a) CFRP-1-p4-w0-
a0: no strips; (b) CFRP-1-p4-w3-a1: 𝐿𝑎 = 25.4 mm; (c) CFRP-1-p4-w3-a6: 𝐿𝑎 = 152 mm; (d) 
CFRP-1-p4-w3-a9: 𝐿𝑎 = 228 mm. 
 
 From Figure 4.26 it is observed that the peak force of the girder was increased by 6.6%, 
8.2% and 7.4% for the anchor length equal to 25.4mm, 152 mm and 228mm, respectively. The 
case without longitudinal strips showed no improvement in the peak force, which indicated that 
the longitudinal strips played a critical role in anchoring the FRP laminate and enhancing the 
shear capacity of the repaired girder. Figure 4.27 illustrates the excessive out-of-plane 
deformation of the FRP laminates. Without the longitudinal strip to anchor the top ends of the 
FRP laminates, the debonding of the FRP laminate would have limited the laminates’ ability to 
improve the shear capacity of the girder. Unlike the strip width which would affect both the peak 
force and the ductility of the girder, the anchor length mostly affected only the deformation 
capacity of the girder. The ductility of the girder with 𝐿𝑎 equal to 25.4 mm was improved by 
15.5% which was only 7.9% different compared to that of the case without strip. Such minor 
difference meant that a length of 25.4 mm was not sufficient to provide satisfactory anchor 
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length for the longitudinal strip. The increment of the ductility was 45.1% and 35.2% when the 
anchor lengths of 152 mm and 228 mm were used, respectively. The case with 𝐿𝑎 of 228 mm 
didn’t show a further increase in the ductility as compared to the case with 𝐿𝑎 of 152 mm, 
indicating that as long as the critical anchor length was satisfied, increasing anchor length would 
not result in any further benefits. Therefore, the anchor length is suggested to be within the range 
from 152 mm to 228 mm.  
 








 It is worth mentioning that same shear performance of the repaired concrete girder could 
be achieved by different parameters used. As shown in Figure 4.28, the overall performance of 
CFRP-2-p4-w3-a6 and CFRP-1-p4-w5-a6 was similar. However, the FRP material usage of the 
case with a larger thickness of FRP laminates was 45.4% higher than that of the case with a 
smaller thickness of FRP laminate and larger width of the longitudinal strip. With more 
confinement provided by the wider longitudinal strip, the FRP laminates could stay in place and 
develop more stress to enhance the shear behavior of the girder. Therefore, it is more efficient to 
use wider longitudinal strip than to increase the amount of FRP material.  
 
Figure 4.28 Force vs. deflection curves of CFRP-2-p4-w3-a6 and CFRP-1-p4-w5-a6. 
 
4.5.5 Effect of section loss of stirrups 
 Since there were no experimental data to validate the case of damage that involves 
section loss of stirrups, the calibrated CFRP repair model was used for the analysis. Besides the 
removal of concrete cover (see Figure 4.29(a)), the section area of vertical stirrups within the 
shear span was reduced by 50% to simulate the section loss caused by the steel corrosion as 
shown in Figure 4.29(b). The section area of the bottom stirrups and the stirrups outside the shear 
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remained unchanged. The force-deflection curve of Damage case is presented in Figure 4.30. 
From the figure it is noted that due to the removal of concrete cover, the girder showed shear 
cracking at an early stage of loading and exhibited non-linear behavior at a lower deflection as 
compared to the Control case. The combination of  both cover loss and section loss resulted in a 
poor response of the girder by showing a sharp reduction of 37.5% in the peak force.  
  
(a) (b) 








To repair the girder, the methodology proposed in section 3.4 was utilized to calculate the 
material needed for repair. It is known that the force loss due to the removal of concrete cover on 
one side of the girder was 66.3 kN. Considering there were only two vertical stirrups located 
inside the shear span, the force reduction due to the section loss on each side was 34.8 kN. Based 
on an effective strain of FRP (𝜀𝐹𝑅𝑃) of 0.00082 and the properties of FRP laminates listed in 
Table 4.1, the thickness of FRP laminate needed to recover a total force of 101.1 kN on one side 
of the girder was 2.48 mm. Four panels of FRP laminates anchored with longitudinal strips with 
width and anchor length equal to 76.2 mm and 152 mm, respectivcely were attached to the 
girder. The force-deflection curve of Damage-FRP repair case is shown in Figure 4.30. The 
girder failed due to the debonding of the longitudinal strips. From the figure it is observed that 
the girder repaired with FRP laminates fully recovered its capacity by exceeding the peak force 
and ductility of Control case by 7.4% and 12%, respectively. The results clearly showed that the 




In this chapter, a parametric study was performed on the calibrated CFRP repair model to 
investigate the effects from multiple variables including thickness of FRP laminates, number of 
FRP panels, and width and anchor length of longitudinal FRP strips on the behavior of PPC 
girders repaired with FRP laminates. The analysis showed that the existence of longitudinal 
strips is critical in anchoring the FRP laminate to improve the bond between FRP laminate and 
concrete web. Both strip width and anchor length would affect the peak force and ductility of the 
girder. More FRP material used would result in improvement in peak force at the cost of loss of 
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ductility, while different layout of FRP panels could also influence the performance of the girder. 
Even with additional damage such as the section loss of stirrups, the FRP laminate could still 
fully restore the shear behavior of the girder. Based on the results from the parametric study, an 
optimal design of FRP repair system for concrete girder with end region damage was proposed. 
The number of FRP panels shall be selected to ensure the ends of longitudinal strips are placed 
outside the shear span and the anchor length of the strips shall be between 152 mm to 228 mm. 
To receive favorable repair effect and cost efficiency, FRP laminates with a thickness of 1.24 
mm and longitudinal FRP strips with a width between 76.2 mm and 127 mm are recommended. 
It is worth mentioning that the optimal repair design proposed in this chapter was mainly based 
on the parametric study of AASHTO Type II PPC girder with a/d ratio equal to 1.25 and could 















CHAPTER 5: PRESTRESSING USING CURVED SHAPE MEMORY ALLOY 
REINFORCEMENT 
 
 This chapter proposes an innovative technique for applying prestressing using a thin 
precast prestressing plate (PPP) with embedded SMA wires. The PPP can be applied to any local 
region where strengthening or repair is needed. Through the shape memory effect (SME) of 
SMA, the SMA precast prestressing plate (SMA-PPP) is able to provide prestressing without the 
need for additional mechanical jacking devices. Experimental work was conducted on a thin 
mortar plate to prove the concept. Once the proposed concept was proved experimentally, 
different connection methods to install the SMA-PPP to concrete structures were studied to 
investigate the prestressing stress transfer between PPP and base concrete. To examine whether 
the elevated temperature caused by SMA heating would exert adverse effects on the mechanical 
properties of the surrounding cementitious materials, the second goal of this chapter was to 
explore the effect of high temperature on the compressive strength of mortar. A heating method 
that maximized the residual compressive strength is recommended based on the test results. 
 
5.1 PROPOSED PRESTRESSING TECHNIQUE 
Post-tensioning technique has been widely used in concrete structures to improve the 
flexural and shear capacity of structural concrete elements (Harajli 1993, Park and Cheung 2000, 
Ahmadi-Kashani 2005, Krauser 2006, Lucio and Ramos 2009, Naser and Wang 2010, Shin et al. 
2014, Lee et al. 2018 among many others). The application of post-tensioning technique involves 
the anchorage and mechanical jacking of the prestressing reinforcement (Rogowsky and Marti 
1991, Corven and Moreton 2013), which imposes practical constraints on the position and 
orientation of the reinforcement, especially in small regions. For example, applying prestressing 
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locally in a relatively small region such as the end region of a girder, the focus of this research, 
could be problematic and in some cases not feasible. However, local prestressing could find its 
usage in many applications including strengthening and repair of structures. This part of the 
dissertation presents an innovative method for applying prestressing to a local and small region 
without the need for anchorage (hardware) or mechanical stressing. The proposed method is 
based on the application of SMA thermal prestressing. 
Recently, SMA thermal prestressing has attracted the attention of researchers because of 
its ease of application compared to conventional prestressing techniques. Studies have proven the 
feasibility of using the shape memory effect of SMA to apply prestressing to structural members 
(Soroushian et al. 2001, Sawaguchi et al. 2006, Andrawes and Shin 2008, Czaderski et al. 2014, 
Shahverdi et al. 2016, Rius et al. 2017, Jung and Andrawes 2018 among many others). The 
common characteristic shared between all the current studies on prestressing using SMA is that a 
sufficient and reliable anchorage or bond with concrete is required. For post-tensioning using 
SMA, an anchorage system is needed to restrain SMA from recovering its shape when heated 
(Soroushian et al. 2001, Sawaguchi et al. 2006, Deng et al. 2006). However, for NSM 
application, deformation on the surface of SMA bar is required to provide sufficient bond 
between SMA and concrete (Czaderski et al. 2014). Nevertheless, in many cases, especially for 
repair or strengthening applications, there is limited space; hence it is not feasible to install an 
anchorage system and prestress the strands using a jacking system. Even if an anchorage device 
is installed, the exposure of the anchorage system would leave it vulnerable to harsh 
environmental conditions. Moreover, producing SMA wire or bar with deformed surface to 
enhance its bond characteristics is costly. To overcome these challenges, this chapter presents a 
novel idea for applying prestressing force in local regions using curved smooth SMA wires.  
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 Unlike bars, wires have small diameters, which enables them to be easily bent into 
different shapes. Taking advantage of the flexibility of SMA wires and the thermally triggered 
shape memory feature, SMA wires can be bent into, for example, the curved shape circled in in 
Figure 5.1(a). The curved part indicated in the figure serves as self-anchorage mechanism that 
prevents SMA wire from recovering its shape. Both ends of the wire are bent to provide 
anchorage points at the ends of the wire. During heating, the movement of SMA wire is 
restrained and the recovery stress is generated within the straight part of the SMA wire. As a 
result, the concrete enclosed within the elliptical shape indicated in Figure 5.1(b) will be 
subjected to compressive stress (prestressed). It is worth noting that embedded SMA wires could 
be heated either by exposing the concrete surface to high temperature (if the wires are relatively 
close to the surface) or by passing electric current in the wires, i.e. using electrical resistivity 
(Shin and Andrawes 2010).  
  
(a) (b) 






5.1.1 Proof-of-concept specimen description 
To validate the proposed SMA prestressing technique an experimental study was carried 
out using a mortar specimen with embedded curved SMA wire. The purpose of the study was to 
prove if the proposed prestressing technique is able to prestress the mortar plate.  
Figure 5.2(a) illustrates the details of the proof-of-concept (POC) specimen. A 127 mm x 
76 mm x 12.7 mm mold was built to cast the mortar plate. The SMA wire used in this study was 
made of NiTiNb alloy which is one type of SMA among a few SMAs that are commercially 
available in the U.S. Based on the energy-dispersive X-ray spectroscopy (EDS) analysis 
performed on the NiTiNb specimen, the chemical composition of Ni, Ti, and Nb (% by weight) 
was 55, 36, and 9%, respectively (Zhao and Andrawes 2016). NiTiNb was selected due to its 
wide thermal hysteresis and relatively high recovery stress. The study conducted by Dommer and 
Andrawes (2012) has shown that 𝐴𝑠 and 𝐴𝑓 of NiTiNb were 68℃ and 76℃, respectively, while 
both 𝑀𝑠 and 𝑀𝑓 were lower than -50℃. With a thermal hysteresis width over 120℃, NiTiNb 
SMA could maintain its recovery stress (about 550 MPa) under a wide range of ambient 
temperatures (Dommer and Andrawes 2012). A 2 mm diameter NiTiNb SMA wire with 
approximately 6% prestrain was bent into the shape shown in Figure 3(b) and placed in the mold. 
The curved SMA wire was placed approximately at mid-height of the specimen. After the curved 
SMA wire was in position, the mortar mix was poured into the mold. The top surface of the 
specimen was smoothened by trowel. The mortar mix was prepared using Portland Type I 
cement with water/cement ratio and sand/cement ratio equal to 0.4 and 2.5, respectively (Allan 
1997). Superplasticizer with a dose of 1.0 ml/kg was used to increase the workability of the 
mortar mix. 102 mm x 203 mm cylinders were cast to determine the compressive strength of 
mortar on the day of testing as well as to obtain the stress-strain curve of the mortar. The 
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specimen was demolded after 24 hours and cured for 28 days before heating was applied (see 
Figure 5.2(c)). Strains induced within the POC specimen during prestressing were monitored 
using strain gages and digital image correlation (DIC). As a state-of-art optical technology, DIC 
can measure the strain or displacement of an object by building a correlation between images 
taken before and after the deformation of the object (Mguil-Touchal et al. 1997, McCormick and 
Lord 2010, Ghorbani et al. 2014, Yoneyama et al. 2015). To avoid interfering with the camera 
used for capturing DIC images, direct heating of SMA using propane torch was not used. 
Instead, the SMA was heated using electrical resistivity by connecting the two exposed ends of 





Figure 5.2 Details of POC specimen: (a) schematic of specimen; (b) mold with curved SMA 




 In the preparation for DIC testing, speckle pattern was applied in two steps. In the first 
step, a white paint layer was uniformly applied to one side of the specimen as the background 
using a brush. In the second step, a stencil produced by laser cutting was placed on top of the 
specimen. Black paint was sprayed to the stencil to form the speckle pattern. The white 
background and black dots were selected to ensure a high contrast of the speckle pattern. Since 
the heating of SMA would increase the temperature on the surface of the mortar, a high-
temperature strain gage was attached to the other side of the specimen to monitor the mortar 
strain during and after heating, and provide information on the prestressing level as shown in 
Figure 5.2(d). 
The POC specimen was clamped to a flat plate so that it could stand vertically. A camera 
with high resolution was placed in front of the specimen and was focused on the front side where 
the speckle pattern was applied. The two exposed legs of SMA wire were connected to a 
potentiostat to generate electrical current to heat the wire. A thermocouple was inserted into a 
small hole and touched the SMA wire to measure the temperature of the wire in order to ensure 
that the desired temperature of 200℃ for full activation of SMA was reached and overheating 
was avoided. After SMA wire was heated to a temperature of 200℃, electrical power was shut 
down and the specimen was allowed to cool off to room temperature. The data acquisition 
system recorded strain within the mortar plate during the heating and cooling process. One 
picture of the front side of the specimen before heating was taken as the reference picture, while 
at the end of cooling another picture was taken as the deformed picture. DIC analysis was 





5.1.2 POC specimen test results 
The compressive strength of the mortar used in fabricating the POC specimens was found 
to be 46.8 MPa on the day of testing. DIC strain distribution of the specimen and the readings 
from strain gage are shown in Figure 5.3. From Figure 5.3(a) it is observed that after SMA wire 
was fully activated, the area bounded by the SMA curves was prestressed. Since the geometry of 
the SMA wire was symmetric, the strain distribution was symmetric in general as well. Outside 
the prestressed area, there were three locations that exhibited some tensile strains. The tensile 
strain observed was at the three locations where SMA wire was bent. These areas in tension were 
expected to maintain equilibrium with the specimen. No noticeable cracks were observed at these 
tensile regions, indicating that prestressing didn’t damage the mortar plate. 
  
(a) (b) 
Figure 5.3 Test results of POC specimen: (a) strain distribution from DIC; (b) readings from 
strain gages. 
 
 Figure 5.3(b) also shows the strain gage reading vs. testing time. It is noted that during 
heating oscillation was observed in the strain reading. This was due to the thermal expansion of 
mortar caused by SMA heating and shape recovery of SMA. Once the heating was finished, the 
mortar started to cool down to room temperature and stable recovery stress was reached within 
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SMA wire, hence, the strain readings stabilized and reached about 360 𝜇𝜀 in compression. Based 
on the stress-strain response from the mortar cylinder tests, the corresponding stress when strain 
reached 360 𝜇𝜀 was approximately 10.9 MPa. Since the SMA wire was placed approximately at 
mid-height of the mortar plate, the plate was under uniaxial compression. A straightforward 
calculation was conducted to reveal how much recovery force of SMA was transferred to the 
mortar plate. Considering four legs of SMA wire were at the middle section where strain 
readings were recorded and given that the recovery stress of SMA was 550 MPa, the total 
recovery force (𝐹𝑟) provided by SMA was computed as 6.9 kN. From Figure 5.3(a) it is known 
that the area mostly affected by SMA stressing was within the middle 50 mm in the lateral 
direction. As a result, the compressive stress at the center of the mortar plate can be estimated as 
the total force divided by the area of strengthened region, i.e. 10.8 MPa. The close match of 
compressive stress between the experimental result and calculation indicated that the entire 
recovery force was fully engaged in prestressing the mortar plate. Both experimental and 
analytical results clearly proved the validity of the proposed prestressing technique using curved 
SMA wire. 
 
5.2 EXPERIMENTAL TESTING OF PPP CONNECTIONS 
The concept of using curved SMA wires to prestress concrete or mortar envisages a wide 
range of structural applications including new construction applications and existing structural 
applications such as repair or strengthening applications. Due to the broadness of these 
applications, this section will primarily focus on using this new technique as a repair or 
strengthening method for existing structures. For example, as shown in Figure 5.4, a precast 
prestressing plate (PPP) made of mortar or concrete (similar to the plate tested in POC study) can 
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be used to apply external prestressing on existing girder to improve its shear behavior or flexural 
behavior as shown in Figure 5.4(a) and Figure 5.4(b), respectively. The plate can be installed to 
the surface of the girder where external strengthening/prestressing is needed (e.g. web or flange). 
Once installed, SMA prestressing force is thermally activated transferring the force from SMA 
wire to girder, passing through the interface between the plate and the girder. For this external 
prestressing to be successfully implemented, it is crucial that sufficient composite action is 
formed between the PPP and the base concrete. This composite action can only be ensured 
through effectively connecting the PPP with the existing concrete. 
  
(a) (b) 
Figure 5.4 Potential applications of precast prestressing plate: (a) shear retrofit/repair; (b) 
flexural retrofit/repair. 
 
To explore the effectiveness of different connections between PPP and base concrete, 
three specimens with different types of connections were studied experimentally. All three 
specimens consisted of a 76 mm x 127 mm x 31.7 mm base unreinforced concrete block 
externally prestressed with a 76 mm x 127 mm x 13 mm PPP as shown in Figure 5.5. The block 
and plate were connected together using three different methods including: 1) steel anchors (SP-
S), 2) epoxy adhesive (SP-E), and 3) hybrid connection (SP-SE) combining both steel anchors 
and epoxy. Rapid set mortar mix and rapid set concrete mix from CTS Cement, Inc. were used to 
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cast mortar plates and concrete blocks, respectively. Compressive strength of the base block 
concrete and the mortar plate were 48.3 MPa and 35 MPa, respectively. For all three connection 
specimens, the type of SMA wire was the same one used for POC specimen, i.e. NiTiNb. The 
effectiveness of the connection in transferring prestressing force from the prestressing plate to 
the base block was evaluated by monitoring the compressive strain induced in the base concrete 
block. Test setup and instrumentation were designed to capture such compressive strain. 
 
Figure 5.5 Layout of the PPP connection specimens. 
 
5.2.1 Test setup and instrumentation 
 




The setup for all three specimens was identical and is shown in Figure 5.6. The specimen 
was placed on two semi-circular steel rods, which served as vertical supports for the specimen. 
From preliminary testing where SMA wire was heated by an external power supply, the time 
required to heat the SMA wire inside the specimen to 200℃ was determined and used to activate 
the prestressing. As illustrated in Figure 5.5, the DIC speckle pattern was applied to one side of 
the concrete block to monitor the distribution of strain developed in the concrete. A camera was 
placed in front of the specimen to take pictures of the side with speckle patterns for DIC analysis. 
In addition, on the opposite side of the face with speckle patterns, a strain gage was attached 
right below the interface at the center point of the concrete block. A strain gage was also attached 
atop the mortar plate at the center. The strains developed in mortar plate and concrete block were 
monitored to determine the prestressing stress induced by the activation of SMA wire. The 
readings of the strain gage on the concrete block were compared to the results from DIC analysis 
to verify the accuracy of DIC data. The following subsection provides a description of the three 
interfacial connection types considered in this study. 
 
5.2.2 Connections description 
Figures 5.7, 5.8, and 5.9 depict the steps for manufacturing specimens SP-S, SP-E, and 
SP-SE, respectively. For specimen SP-S, anchors made of carbon steel were used to connect the 
base concrete block and the mortar PPP. Before the mortar plate was cast, the SMA wire was 
deformed into the shape shown in Figure 5.7(a) and placed at the mid-height of the mold. To 
leave sufficient space to install steel anchors and avoid stress concentration around the anchors, 
the diameter of the curved part of SMA wire was enlarged slightly causing SMA wires to be 
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slightly nonparallel. Figure 5.7(b) shows the mortar plate after demolding. Three steel rods with 
a diameter of 7.9 mm were placed at the center of the curved portion of the SMA. These rods 
served as anchors that connect the mortar plate with the top of the concrete block. The three 
holes required for installing the rods were introduced within the mortar plate during casting using 
wood rods identical in diameter to the steel rods. Furthermore three 25 mm deep holes with an 
8.3 mm diameter were drilled in the concrete block at locations matching those in the mortar 
plate as shown in Figure 5.7(c). A slightly larger diameter was used for the concrete block holes 
to ensure the ease of installation of steel rods. In order to prevent prestressing loss due to the 
small gap between the steel rods and holes, epoxy was applied to fill the gap between anchors 
and concrete. The finished specimen is shown in Figure 5.7(d). In real applications, the size of 
the structural element is larger than the connection specimen, therefore, the spacing of SMA wire 














Figure 5.7 Fabrication of specimen SP-S: (a) mortar plate mold with SMA wire; (b) mortar 
PPP after demolding; (c) concrete block with drilled holes; (d) finished specimen. 
 
Specimen SP-E was similar to SP-S except that the mortar plate was installed to the 
concrete block using epoxy instead of steel rods (see Figure 5.8). The epoxy used was a high-
temperature resistant epoxy from J-B Weld, Inc. To improve the adhesion at the interface 
between epoxy and mortar/concrete, the interface of both mortar plate and concrete block was 
treated with sanding and steel-wire brushing before epoxy was applied. Sanding was applied to 
remove the dust to provide a clean and even surface, while steel-wire brushing was to increase 







Figure 5.8 Fabrication of specimen SP-E: (a) mortar plate mold with SMA wire; (b) mortar 
PPP after demolding; (c) interface after treatment; (d) finished specimen. 
 
 Finally, specimen SP-SE combined both methods, epoxy and steel anchors to connect the 
mortar plate to the concrete block. Same type of epoxy and steel anchors were used for SP-SE. 
Due to the bond provided by the epoxy, the number and size of the anchor steel rods were 
reduced compared to specimen SP-S to two steel rods with a diameter of 6.4 mm (see Figure 








Figure 5.9 Fabrication of specimen SP-SE: (a) mortar plate mold with SMA wire; (b) mortar 
PPP after demolding; (c) interface after treatment; (d) finished specimen. 
 
5.2.3 Connection test results 
Readings from the strain gages of all three specimens as well as from DIC analysis at the 
opposite point where strain gage was attached are summarized in Table 5.1. The strains 
presented in the table are the final readings when the specimens had already cooled down to 
room temperature. The DIC strain distribution and the strain gage readings for all specimens are 
shown in Figure 5.10. From the figure, it is observed that for all three specimens the strain in the 
concrete block showed compression at the upper region closer to the mortar PPP and tension at 
the bottom region of the block. This behavior was expected since the applied prestressing on top 
of the concrete block was eccentric. Another general observation is that the prestressing strain 
distribution in SP-E and SP-SE was relatively more uniform than that in SP-S, which exhibited a 
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higher concentration of prestressing in the vicinity of the anchorage rods. This behavior is 
attributed to the even application of epoxy at the interface which helped in uniformly distributing 
the prestress. From the strain gage readings on the side of the concrete block (see Figure 5.10(b), 
(d) and (f)), it is noticed that a tensile strain was developed in the concrete block during SMA 
heating, which is attributed to the thermal expansion of the PPP. However, gradually the 
prestressing induced by SMA took over causing the strain to gradually turn to compression. It is 
worth mentioning that such initial thermal expansion was observed also in the POC specimen as 
shown in Figure 5.3(b).  
Table 5.1 Summary of the test results of the three specimens 
Specimens 

















SP-S 75 72 2.47  205 5.74 
SP-E 60 64 1.97  115 3.22 













Figure 5.10 Test results of SP-S: (a)-(b) DIC and strain readings of SP-S; (c)-(d) DIC and 
strain readings of SP-E; (e)-(f) DIC and strain readings of SP-SE. 
 
For all the specimens, compressive strains were detected by strain gages on the side of 
the concrete block and at the center of the mortar plate, which indicated that all three installation 
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methods were able to transfer prestressing force from the PPP to concrete block. From Table 1 it 
is clear that strain gages readings exhibited a close match to that from DIC analysis by showing a 
maximum difference of 6.7%, which proved the accuracy of DIC analysis. Among all three 
specimens, SP-SE exhibited the highest strain in the concrete block showing 18.7% and 48.3% 
higher strain than that of specimens SP-S and SP-E, respectively, while SP-S showed 25% higher 
strain compared to SP-E. Since the prestressing force from mortar plate was transferred to the 
concrete block through the interface, shear deformation at the interface is expected to have a 
significant impact on the transferred stress. The steel rods used had significantly higher shear 
modulus than that of the epoxy, therefore, higher prestressing force could be transferred to the 
concrete through steel rods. Without strong constraint from the epoxy, the mortar plate of SP-E 
was allowed to experience more initial expansion causing tensile strain to develop in the mortar 
plate (see Figure 5.10(d)). On the other hand, owing to the strong constraint from the steel rods, 
SP-S and SP-SE were not able to expand as much as SP-E. As a result, SP-S and SP-SE only 
generated negligible tensile strains during heating of SMA as shown in Figures 5.10 (b) and (f). 
The additional expansion in SP-E counteracted the contraction caused by SMA wire, causing a 
lower final compressive stress in both PPP and concrete block in SP-E compared to the other two 
specimens. 
To investigate how much recovery force of SMA was transferred to the concrete block, 
the mortar plate and the concrete bock were assumed to behave in full composite action as 
illustrated by the schematic shown in Figure 5.11. The cross section shown in the figure was 
taken at the mid-length of the specimen. To account for the difference in the modulus of 
elasticity of the mortar plate and the concrete block, a transformed section was used where the 
width of the mortar plate was reduced by the modular ratio, 𝑛 = 𝐸𝑐,𝑚𝑜𝑟𝑡𝑎𝑟/𝐸𝑐,𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒. The 
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location of the neutral axis (𝑦𝑐) and the distance from the strain gage to the neutral axis (𝑦0) are 
shown in Figure 5.11. The prestressing stress in the concrete block was calculated as the 
compressive stress due to the force of SMA (𝐹𝑆𝑀𝐴) applied at an eccentricity (𝑒0) from the 
neutral axis. The value of 𝐹𝑆𝑀𝐴 was varied until the prestressing stress from the calculation 
matched that was obtained from the experimental testing. The final value of 𝐹𝑆𝑀𝐴 was compared 
to the actual recovery force (𝐹𝑟) of SMA wire, which was 6.9 kN as computed in POC specimen. 
The results from the calculations are listed in Table 5.2. 
 
Figure 5.11 Transformed composite section for stress calculation. 
 
 From Table 2 it is noted that the recovery force of SMA that was transferred to the 
concrete block reached 81%, 65% and 94% of the full recovery force for the anchor, epoxy and 
hybrid cases, respectively. Higher 𝐹𝑆𝑀𝐴/𝐹𝑟 ratio indicated more efficacy of the connection 
method in transferring the prestressing force. It is worth mentioning that the compressive strain 
observed in the tests was on the side of the concrete block and the calculations assumed uniform 
stress distribution along the width of the block. However, based on the DIC image of POC 
specimen (see Figure 5.3(a)), higher compressive stress was concentrated at the center region of 
the specimen, indicating that the compressive stress at the center of the concrete block would be 
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higher than that on the side. Therefore, it is possible that the computed prestressing forces in the 
connection specimens are conservative and 𝐹𝑆𝑀𝐴/𝐹𝑟 ratios are likely to be higher than the values 
listed in Table 5.2. 
Table 5.2. Computed SMA transferred force to the concrete block 




SP-E 4.5 0.65 
SP-SE 6.5 0.94 
 
5.3 FINITE ELEMENT ANALYSIS OF SMA PRECAST PRESTRESSING PLATE 
 After experimentally proving the concept of applying prestressing using PPP with curved 
SMA wire, Finite Element (FE) analysis was performed to investigate the effect of different 
SMA geometric parameters on the prestressing force. To achieve this goal, the previously tested 
POC specimen was utilized for numerical analysis. The first part of the FE analysis was to 
calibrate the FE model based on experimental results. After the model was validated, a 
parametric study was performed to study the factors that would affect the prestressing. 
 
5.3.1 Model description 
 A 3D FE model of the POC specimen was generated using ABAQUS (Dassault Systèmes 
2013). The FE model consisted of a mortar block and SMA wire. The mortar block was 127 mm 
x 76 mm x 12.7 mm in dimension and was modeled using C3D8 elements. The constitutive 
model of mortar was modeled by the concrete damage plasticity with the properties obtained 
from the testing of cylinders with the same mortar type as POC specimen. The SMA wire had the 
same dimension and configuration as in POC specimen and was modeled using T3D2 truss 
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elements. The whole model was assembled by embedding the bent parts and the ends of SMA 
wire into the mortar to constrain SMA as shown in Figure 5.12. Embedded region feature in 
ABAQUS was used to ensure a full bond case where no relative displacement between SMA and 
surrounding mortar is allowed. Displacement at the bottom of the FE model in all directions was 
constrained, while the top of the model was free. Stress-strain curve obtained from the cylinder 
test was implemented into the model as the material property for mortar. To prestress SMA wire, 
a temperature field combined with a negative expansion coefficient was assigned to SMA wire to 
ensure the recovery stress of SMA reaching 550 MPa.  
 
Figure 5.12 Assembly of FE model. 
 
5.3.2 Validation of FE model 
 Strain distributions from FE analysis are presented in Figure 5.13. From the figure, it is 
observed that the FE model displayed similar strain distribution around the prestressed area by 
showing symmetric strain contour and stress concentration around curved SMA wire as 
compared to the strain contour from DIC testing (see Figure 5.3(a)). The strain value obtained 
from FE analysis at the location where strain gage in POC specimen was attached was compared 
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to the experimental value. Strain from numerical analysis was 359 𝜇𝜀, only 0.3% different from 
the value recorded from POC specimen at the same location. Comparison between FE analysis 
results and POC experimental test data was satisfactory; hence to investigate further the new 
prestressing technique, the FE model was utilized in a parametric study. 
 
Figure 5.13 Strain distribution of FE model. 
 
5.3.3 Parametric study 
The validated FE model was utilized to analyze the parameters that would affect the 
prestressing value. The investigated variables in this study were selected as the spacing (𝑆) and 
the length (𝐿𝑆𝑀𝐴) of SMA wire as shown in Figure 5.14. The 7 cases considered for the 
parametric study along with the output prestress value for each case are listed in Table 5.3. Four 
different values were assigned to each variable. The models with spacing 𝑆 of 6.4 mm, 12.7 mm, 
19.0 mm, and 25.4 mm were labeled as S1, S2, S3, and S4, respectively. Similarly, the 𝐿𝑆𝑀𝐴 
values of 76.2 mm, 152.4 mm, 228.6 mm, and 304.8 mm were represented by L1, L2, L3, and 
L4, respectively. For example, model S3-L2 in the table is for the case with SMA spacing equal 
to 19.0 mm and 𝐿𝑆𝑀𝐴 equal to 152.4 mm. 
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Table 5.3 Parametric study matrix and results 
Model Spacing (mm) Length (mm) 
Output Prestress 
(MPa) 
S1-L1 6.4 76.2 9.6 
S2-L1 12.7 76.2 7.6 
S3-L1 19.0 76.2 6.3 
S4-L1 25.4 76.2 5.4 
S3-L2 19.0 152.4 3.7 
S3-L3 19.0 228.6 2.7 
S3-L4 19.0 304.8 2.7 
 
 
Figure 5.14 Variables considered in the parametric study. 
 
To further investigate the stress distribution in each of the studied cases, the values of the 
compressive stress along the center strip indicated in Figure 5.14 with a length of 𝐿𝑆𝑀𝐴 was 
recorded and compared for all cases. Also, the stress at the middle point of the center strip 
indicated in Figure 5.14, is reported in Table 5.2 under “Output Prestress”. It is seen from the 
table that the prestressing stress declined as the spacing and length of SMA increased. 
Figure 5.15 represents the stress distribution of the center strip as pointed out in Figure 
5.14 for the models with fixed 𝐿𝑆𝑀𝐴 and various spacing 𝑆. From the figure, it is observed that in 
122 
 
general, the stresses around the left and right end of the center strip were relatively high and 
evolved into smaller values as the location approached the middle of the center strip. One special 
case observed in Figure 5.15 was S1-L1 where the compressive stress was much higher than the 
other cases around the right end of the center strip. This was because the two stress concentration 
areas that were shown as the two compressive regions to the right in Figure 5.16 moved close to 
each other as the spacing reduced to 6.4 mm. The two adjacent compressive regions resulted in 
the sharp increase of the stress around the right end of the center strip. The peak stress around the 
left end of the center strip was attributed to the stress concentration formed around the curved 
part of SMA wire, as indicated by the left compressive region circled in Figure 5.16. The higher 
prestressing stress with a smaller spacing of SMA wire could be explained by the effect of 
overlapping of compressive stress as illustrated in Figure 5.16. Due to the eccentricity of the 
three curved parts of SMA wire, two compressed regions were formed between the curved parts. 
As the spacing of SMA wire was reduced, the two compressed regions moved closer, and the 
compressive stress flow overlapped as illustrated in Figure 5.16. This overlap gave rise to the 
prestressing stress. 
 




 From Table 5.2 it can be seen that for the same length of SMA wire, prestressing stress 
increased by 77.8% from 5.4 MPa to 9.6 MPa as the spacing decreased from 25.4 mm to 6.4 mm. 
With the increase of spacing, the two compressive regions moved away from each other with 
little or no overlapped area left, which caused the reduction in the prestressing stress. As a result, 
in the case of S4-L1 where the spacing of SMA wire was large, the prestress stress was the 
lowest among all the cases. 
 
Figure 5.16 Overlapping stress effect. 
 
 The effect of SMA length (𝐿𝑆𝑀𝐴) was also explored by varying the length while keeping 
the spacing fixed at 19 mm. Figure 5.17 depicts the stress distribution of the center strip with 
different lengths of SMA. The figure exhibited a similar pattern for all the cases showing higher 
stress around both ends of the center strip and smaller stress in the middle section. Due to the 
stress concentration at the curved parts of SMA and the overlapping effect, compressive stress 
was higher around both ends of the center strip and started decreasing toward the middle. Since 
the spacing 𝑆 was identical for all cases, the stress level on both ends was quite close for all the 
cases. As the length of SMA wire kept increasing, the prestressing stress decreased until a 




Figure 5.17 Stress distribution with different length, 𝐿𝑆𝑀𝐴. 
 
5.4 HEATING EFFECT ON COMPRESSIVE STRENGTH OF MORTAR 
 After NiTiNb SMA is embedded into mortar plate, heating of SMA will elevate the 
temperature of the region surrounding SMA, raising concerns about possible deterioration of the 
mechanical property of the mortar. To evaluate the impact from the high temperature on the 
compressive strength of the mortar plate a test program was carried out. 
 
5.4.1 Heating methods 
 Two of the commonly used methods to heat SMA for SME activation are: 1) direct 
hearing, such as using the flame of a propane torch, and 2) electrical resistivity. The target 
temperature required to fully activate the SME varies depending on the type of alloy. However, 
in this research, for the used NiTiNb alloy the target temperature was 200℃. It is noted that the 
heating time for the POC specimen above using electric current was about 25 seconds and the 
temperature of the mortar surface reached about 125℃, which indicated that the overall 
temperature of the mortar material was below 200℃. Studies have shown that at such 
temperature and for short period exposure, the effect from the high temperature on the 
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compressive strength of mortar is negligible (Bingöl and Gül 2004, Noumowe 2005, Tang and 
Lo 2009, Kodur 2014, etc.). Therefore, the primary focus of this study was on the effect of direct 
hearing using a propane torch, which is an easy and practical alternative to heating than electrical 
resistivity. One particular concern that needs to be studied when using a propane torch for 
heating embedded SMA is the duration of heating. Using a propane torch to heat the mortar 
surface and transfer the heat to SMA would require longer heating duration. This will result in 
the surface temperature probably reaching higher than 200℃ when the temperature at a certain 
depth reaches the target temperature.  
 
5.4.2 Test procedure and matrix 
 The specimens used for the heating study were 25.4 mm mortar cubes cast with the same 
mortar mix used for POC specimen. The heating time required to activate SME of SMA is 
determined by the type of SMA and the depth from where SMA is embedded to the surface 
where torch flame is applied. To be consistent with the POC specimen tested above where 
NiTiNb wire was embedded to a depth of 6.35 mm from the surface, the heating time for mortar 
cubes was determined as the total time needed to raise the temperature at a depth of 6.35mm 
from the surface of the cube to 200℃. Figure 5.18 shows the test setup to determine the heating 
time. A 1.6 mm-diameter hole with a depth of 19 mm was drilled into the mortar cube. A 
thermocouple was inserted to the bottom of the drilled hole to measure the temperature at the 
depth of 6.35 mm. A propane torch was utilized to heat the mortar cube. Heating time vs. 
temperature was monitored during the heating. The heating time was approximately 115 seconds 




Figure 5.18 Test setup for heating of mortar specimens. 
 
To represent a real situation where SMA might be heated at different curing stages of the 
mortar, the mortar cubes were heated on Day 3, Day 7 and Day 14. Since the high temperature 
would cause the decomposition of the hydration products and results in deterioration of the 
cement-based material (Willam et al. 2009), a water-spraying method was investigated to explore 
its effectiveness to rehydrate the specimens and restore their properties after heating. After the 
specimens had cooled down to room temperature, water was sprayed on the heated surface for 30 
minutes, then specimens were wrapped with plastic film to keep them moist until the day of 
testing. The compressive strength of mortar cubes was tested based on ASTM C109 (2016). 
 To provide a comprehensive assessment of the effect of heating on the compressive 
strength of mortar, a test matrix listed in Table 5.4 was adopted. In the table, the first number in 
the label indicates the age (days) when the specimens were heated. The second number indicates 
the age (days) when the specimens were tested. The specimens that were rehydrated after heating 
have an “R” in their labels, while the control specimens are labeled as SP-Ci (i=3, 7, 14). For 






Table 5.4 Test matrix of SMA heating 
Condition 
Tested 
Day 3 Day 7 Day 14 
Heated 
Day 3 SP-3/3, SP-3/3/R SP-3/7, SP-3/7/R SP-3/14, SP-3/14/R 
Day 7 - SP-7/7, SP-7/7/R SP-7/14, SP-7/14/R 
Day 14 - - SP-14/14, SP-14/14/R 
 
5.4.3 Test results and discussion 
 The compressive strength of mortar after heating is plotted in Figure 5.19. It is observed 
that for specimens that have been heated and tested on the same day the compressive strength 
was reduced by 10.0%, 9.9% and 11.6% on Day 3, Day 7 and Day 14, respectively compared to 
the control specimen. By comparing the results of SP-3/3, SP-3/7, and SP-3/14, it is noted that 
the compressive strength remained almost the same among these three cases, indicating that once 
the specimens were heated at an early age, post-heating curing time would have a small effect on 
the compressive strength. The same trend was observed when the strength of SP-7/7 and SP-7/14 
was compared. This was because the high temperature introduced by SMA heating drove away 
the water that is essential for the hydration process of the mortar. Without water engaging in the 
hydration, the compressive strength of the mortar remained almost unchanged.  
Moreover, the compressive strength of SP-14/14 was higher than that of SP-7/14 and SP-
3/14, indicating that delaying heating until mortar reaches a certain level of strength could ensure 
high residual strength. From Figure 5.19 it is shown that the residual strength of the specimens 
that have been heated and rehydrated on the same day exhibited significant reduction. Whereas 
for the specimens that were rehydrated and tested later, the rehydration helped in improving the 
residual strength. For example, comparing the residual strength of SP-7/7 and SP-7/7/R with that 
of SP-C7 showed that SP-7/7/R experienced 27.1% reduction in the compressive strength, while 
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SP-7/7 only endured a reduction of 9.9%. If the residual strength of SP-3/7/R was compared with 
that of SP-C7, the rehydrated specimen only showed 8.6% reduction in compressive strength, 
while the reduction in residual strength of SP-3/7 reached about 24.0%. Such a trend was also 
observed when rehydrated specimens, i.e. SP-3/14/R and SP-7/14/R recovered 96.3% and 74.7% 
compressive strength as compared to specimens without rehydration. The improvement from the 
rehydration was attributed to the water supplement. The water that was lost during heating was 
added through rehydration, which allowed the uncured mortar block to further hydrate and gain 
strength. On the other hand, the rehydration took time to become effective. If the heated 
specimens were tested right after rehydration, the water would turn the mortar into a “fresh” mix 





Figure 5.19 Compressive strength of mortar: (a) specimens tested on Day 3; (b) specimens 






 To apply local external prestressing which could not be achieved through conventional 
prestressing techniques, this chapter presented an innovative prestressing technique using precast 
prestressing plate reinforced with SMA wires. Experimental testing was used to validate the new 
concept and to study different mechanisms for connecting the PPP to an existing concrete 
surface. FE analyses were conducted to investigate the effect of SMA wire geometric 
configuration. In addition, the impact of SMA heating on the compressive strength of mortar was 
evaluated. Based on DIC and strain gage readings from POC specimen and connection 
specimens, the new concept clearly proved to be effective in applying local prestressing and all 
three connection methods were effective in transferring the prestressing stress to concrete.  
To evaluate the effect of elevated temperature on the compressive strength of PPP, mortar cubes 
were heated by a propane torch to simulate SMA heating. After heating, specimens experienced 
an averaged reduction of 10.5% in the compressive strength, which could be mitigated by the 
rehydration of heated specimens. To achieve higher residual strength, it is recommended to 











CHAPTER 6: FINITE ELEMENT ANALYSIS OF BRIDGE GIRDERS WITH PRECAST 
PRESTRESSING PLATES 
 
 This chapter presents the numerical analysis that was performed on a PPC bridge girder 
using the proposed PPP concept to strengthen and repair local damages inflicted on the girder. 
Local damages due to accidents, natural hazards and harsh environmental conditions could 
jeopardize the integrity of the bridge and cause loss of load-carrying capacity. The effectiveness 
of SMA-PPP in retrofitting and repairing damaged bridge girders was investigated through finite 
element (FE) analysis. A parametric study was also conducted to explore the factors that would 
influence the efficacy of the SMA-PPP. 
 
6.1 TYPES OF DAMAGE CONSIDERED 
Local damages that require repair are widely observed in concrete bridges. Most of these 
damages are either accidental or weather related (i.e. due to harsh environmental conditions). An 
example of the weather-related damage/deterioration is the one that impacts the end regions of 
bridge girders, which was discussed in Chapter 1 (see Figure 1.1). As explained earlier, this type 
of deterioration would primarily compromise the shear capacity of the girders. Accidental bridge 
damages like the ones that occur due to vehicular collisions could cause severe local damages to 
bridge components. For example, over height vehicles impose a threat to overpass bridges when 
passing under the bridge (Gangi et al., 2018; Iowa DOT, 2014).  Strikes from over height 
vehicles usually happen near bridge mid-spans leading to extreme damages to the concrete and 
prestressing strands in one or more of the bridge girders (see Figure 6.1).  Such damage would 





Figure 6.1 Flexural damage of concrete bridge girders: (a) spalling of concrete (Harries et al. 
2012); (b) fracture of prestressing strands (Waheed et al. 2005). 
 
 There is a wide range of methods used to repair bridge girders with the type of damages 
described above (see Chapter 2). Although conventional prestressing techniques using either 
FRP or steel strands have shown promising results in repairing/strengthening concrete beams, 
they have several major drawbacks that was discussed in detail in Chapter 2. Therefore, this 
chapter will focus on investigating numerically the efficacy of the new concept of PPP in two 
repair applications of damaged PPC girders.  
Figure 6.2 illustrates the two PPP repair applications considered in this study: 1) shear 
strengthening of the girder’s end region, and 2) flexural repair of the girder’s damaged middle 
section. In the shear strengthening application, the PPP is mounted to the web at the end region 
of the girder, and the load is applied close to the strengthened end (see Figure 6.2(a)), while for 
the flexural repair application the PPP is installed at the bottom flange of the center region of the 








Figure 6.2 Applications of SMA-PPP plate: (a) shear strengthening; (b) flexural repair. 
 
6.2 MODEL DESCRIPTION 
  The finite element (FE) model developed for this study using ABAQUS (Dassault 
Systèmes 2013) consisted of four individual parts: concrete girder, internal reinforcements, 
bearing/loading plates, and SMA-PPP. Besides SMA-PPP, the other three parts were modeled in 
the exact same manner as in Chapter 4. Hence, the element type, constitutive material model and 
part assembly are not discussed in this chapter. The modeling of SMA-PPP and the connections 
between SMA-PPP and concrete are explained in subsequent sections.  
 
6.2.1 PPP reinforced with SMA wires 
 The SMA-PPP was composed of two parts, mortar plate and curved SMA wire as shown 
in Figure 6.3. The mortar plate was modeled using 3D-stress C3D8 elements and its size was 
based on its application in shear strengthening and flexural repair. SMA wire was simulated by 
T3D2 truss elements. At the curved part, SMA wire was embedded into mortar plate using 
embedded region feature in ABAQUS to represent the self-constraint. Owing to the smooth 
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surface of SMA wire, the straight part of the SMA wire had no contact with surrounding mortar 
to neglect the bond between SMA wire and mortar. The spacing between SMA wire, as well as 
the inclination angle of the SMA wire, was varied during the parametric study.  
 
Figure 6.3 PPP with SMA wire embedded inside. 
 
 The material property of the mortar plate was modeled using concrete damaged plasticity 
model with the compressive strength equal to 38.5 MPa. The tensile strength of the mortar plate 
was determined as its rupture modulus, i.e. 0.622√𝑓′𝑐(𝑀𝑃𝑎) or 3.86 MPa. A pre-defined 
temperature field was assigned to SMA wires to activate the PPP thermally so that the recovery 
stress of the wire would reach about 550 MPa. The material property of the SMA wire after 
being activated is illustrated in Figure 6.4. 
 




6.2.2 SMA-PPP connections 
Two installation (connection) methods were considered for mounting the SMA-PPP to 
the surface of the bridge girder. The first method assumed using steel anchors, while in the 
second method epoxy adhesive was used. Figure 6.5 presents views of cross sections A-A and B-
B indicated in Figure 6.2. The sections are shown to demonstrate the connection methods 





Figure 6.5 SMA-PPP connections: (a) section A-A with steel anchors; (b) section A-A with 
epoxy adhesive; (c) section B-B with steel anchors; (d) section B-B with epoxy adhesive. 
 
For the connections using anchors, steel anchors with a tensile strength of 1034 MPa 
were placed at the center of each SMA curve (see Figure 6.5(a)). The steel anchors were 
modeled using C3D8 solid elements. The anchors were fully embedded into the PPP and web to 
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a depth of 28.5 mm. Frictionless interaction was defined at the interface between the plate and 
the web to ensure no bond between them. The thickness of the prestressing plate and the 
diameter of the steel anchors used in the shear strengthening analysis were both assumed to be 
9.5 mm. However, for the flexural repair analysis, since more SMA wires were used, the 
thickness of the plate and the diameter of the steel anchors were increased to 19 mm and 25.4 
mm, respectively. The assembly of the SMA-PPP in the flexural repair application was similar to 
that of the shear strengthening application as shown in Figure 6.5(c). 
The epoxy adhesive was modeled using two different approaches. For the shear 
strengthening analysis, the adhesive was modeled as a very thin cohesive layer tied to both 
concrete and mortar surface as shown in Figure 6.5(b). The bond behavior at the interface 
between epoxy and concrete/mortar was simulated by the traction-separation response of 
cohesive elements using maximum stress damage criteria in ABAQUS. In traction-separation 
response, three moduli needed to be defined, namely, the normal modulus (𝐸𝑛𝑛) of separation 
behavior perpendicular to the interface, and the two shear moduli (𝐸𝑠𝑠, 𝐸𝑡𝑡) of traction behavior 
parallel to the interface in two directions. The epoxy used was assumed to be isotropic, hence 𝐸𝑠𝑠 
and 𝐸𝑡𝑡 were identical. The normal separation behavior was not as critical as the traction 
behavior which was related to the debonding of epoxy due to shear. As a result, the normal 
modulus (𝐸𝑛𝑛) was assumed to be equal to the shear modulus (𝐸𝑠𝑠 or 𝐸𝑡𝑡). Moreover, three 
maximum stresses, namely maximum nominal stress and two maximum shear stresses were 
required to capture the separation behavior. The nominal stress was assumed to be equal to 
concrete tensile strength. With regard to flexural repair analysis, the epoxy adhesive was 
simulated by cohesive interaction as shown in Figure 6(d). Due to the existence of both shear and 
compression force between mortar plate and girder upon loading, the use of a cohesive layer to 
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define the bond between mortar and concrete would cause convergence issues during the 
analysis. Hence, instead of using the cohesive layer, cohesive interaction was directly applied to 
the interface of mortar and concrete. The values for the moduli and maximum shear stresses were 
determined in the following. 
 
6.2.3 Cohesive properties 
 As explained above, the input properties of the cohesive layer were characterized by three 
moduli (𝐸𝑛𝑛, 𝐸𝑠𝑠 and 𝐸𝑡𝑡) defined in the elastic traction behavior and three maximum stresses 
(maximum nominal stress, two maximum shear stresses) defined in the maximum stress damage 
law. An FE model of SP-E was calibrated using the test results of SP-E in Chapter 5 to obtain the 
shear moduli for the cohesive layer, while direct shear tests were conducted to achieve the 
maximum shear stress of the epoxy adhesive used in SP-E.  
 
6.2.3.1 Calibration of SP-E FE model 
 As shown in Figure 6.6, an FE model using the same dimensions and material properties 
of SP-E was generated in ABAQUS. A very thin cohesive layer with a thickness of 1.27 mm was 
defined to simulate the epoxy that bonded mortar plate and concrete block together. The 
cohesive layer was tied to the sides of both concrete and mortar. Both concrete block and mortar 
plate were modeled using C3D8 solid elements. Truss elements were used to model SMA wire 
whose curved parts were embedded into mortar plate as constraints for the wire. Two semi-
circular steel rods were models as supports with a friction coefficient of 0.3 defined between the 
bottom surface of the concrete block and the surface of the steel rods. The strain at the top fiber 
(𝜀𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒) of concrete block were output from FE analysis and compared to that of SP-E. During 
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the calibration, the value of the shear modulus was modified after each iteration until the FE 
results showed a close match to that of test results.  
 
Figure 6.6 FE model of SP-E. 
 
The strain distribution of the concrete block from FE analysis is shown in Figure 6.7(a). 
Compared to the strain distribution of SP-E shown in Figure 6.7(b), the strain distribution from 
the FE model exhibited a similar pattern by showing compression at the top fiber and tension at 
the bottom fiber. After several iterations, the strain of concrete and mortar was found to be 66 𝜇𝜀 
with only 10% difference as compared to 60 𝜇𝜀 from the testing. Hence, the FE analysis showed 
a reasonably close match to the test results and the shear modulus was determined as 34.5 MPa. 
For cohesive interaction adopted in flexural repair, the thin layer was not modeled. Instead, the 
SMA-PPP was directly mounted to the bottom of the concrete girder with interaction defined at 
the interface. To achieve the same traction-separation behavior, the shear moduli was modified 










Figure 6.7 Strain distribution of SP-E: (a) FE analysis; (b) DIC analysis. 
 
6.2.3.2 Direct shear test 
 After shear modulus of epoxy was determined, maximum shear stress was obtained 
through a direct shear test. The specimen used for the tests consisted of two 50.8 mm cubes. One 
cube was cut into two halves which were attached to the other cube using the same epoxy used in 
Chapter 5. The bonded area was 25.4 mm x 50.8 mm. The cubes were cast using the same 
concrete mix that was used to cast concrete blocks in the testing of prestressing mortar plate (see 
Chapter 5). The bonded surfaces were treated with sanding and steel-wire brushing to increase 
the roughness before epoxy was applied as shown in Figure 6.8(a). After the epoxy was cured for 






Figure 6.8 Specimens for direct shear test: (a) surface treatment; (b) final specimen. 
 
 A total of five specimens were prepared for the direct shear test. Compression force was 
applied to the center cube until the specimens failed. The ultimate shear stress was calculated by 
dividing the maximum force by the bonded area. The test results are summarized in Table 6.1. 
Table 6.1 Test results of direct shear tests 
Specimens Failure mode 𝑭𝒎𝒂𝒙 (kN) 𝝉𝒎𝒂𝒙 (MPa) 
Avg. 𝝉𝒎𝒂𝒙 
(MPa) 
1 Adhesive 16.9 6.6 
7.9 
2 Adhesive 25.3 9.8 
3 Adhesive 20.2 7.8 
4 Adhesive 20.8 8.1 
5 Adhesive 18.9 7.3 
 
All of the specimens failed at the bonded interface (adhesive failure) by showing a crack 
across the epoxy as shown in Figure 6.9. Unlike adhesive failure, cohesive failure would show a 
fracture in either of the adjacent parts. Since the purpose of the direct shear test was to determine 
the ultimate shear stress of epoxy, adhesive failure was the desired failure mode. Therefore, the 




Figure 6.9 Adhesive failure of the specimen. 
 
6.3 MODEL CALIBRATION 
 Same FE model of Control case adopted in Chapter 4 was utilized as the reference girder 
in PPP prestressing analysis. It is worth mentioning that from Figure 6.10 which presents the 
force-deflection curve of the undamaged girder from experimental testing and FE analysis, both 
curves started to show significant non-linear behavior at a deflection of 2.5 mm, which 
corresponded to the onset of shear cracks development. In the test carried out by Andrawes et al. 
(2018), the PPC girder failed in shear followed by the pullout of the prestressing strands. The 
prestressing strands didn’t show significant slip during the loading and were suddenly pulled out 
when the maximum pullout stress 𝑓𝑚𝑎𝑥 was reached. As a result, the final stress of the 
prestressing strands in the FE model of the girder at the end of loading was selected as 𝑓𝑚𝑎𝑥, 
which was approximately 1448 MPa. In the shear strengthening analysis, the FE analysis was 




Figure 6.10 Force-deflection curve of test and FE analysis for undamaged girder. 
 
6.4 SHEAR STRENGTHENING ANALYSIS 
 The developed FE model was utilized in a parametric study to explore the feasibility of, 
and the factors influencing strengthening the end regions of PPC bridge girders in shear using 
SMA-PPP. The variables considered in the study included: 1) SMA volumetric ratio (𝜌𝑆𝑀𝐴), 
defined as the ratio between the volume of SMA wire and the volume of the shear span of the 
girder and 2) inclination angle (𝜃𝑆𝑀𝐴) between SMA wire and the longitudinal axis of the girder. 
 
6.4.1 Preliminary study on connection methods 
 Prior to conducting the parametric study, it was important to investigate the effectiveness 
of the two connection methods that were described earlier, i.e. steel anchors and epoxy adhesive 
to determine the optimal installation method that should be adopted in the parametric study. The 
SMA-PPP was first activated before the vertical loading was applied. The layout of shear 




Figure 6.11 Three-point bending test for shear strengthening.  
 
A case with 𝜌𝑆𝑀𝐴 of 0.50% and 𝜃𝑆𝑀𝐴 of 45° was selected to obtain the same basis for 
comparison. The inclination of the SMA wires was chosen to be almost parallel to the direction 
of the principal tensile stress developed in the web, which would increase the efficacy of the PPP 
in offsetting the principal tensile stress. The 𝜌𝑆𝑀𝐴 of 0.50% was chosen since preliminary 
analysis showed that this value produces compressive stress in the web that matches 
approximately the tensile strength of the concrete. Figure 6.12 demonstrates the stress contour of 
the web from Steel anchor case after the SMA-PPP was activated. The results from Epoxy 
adhesive case were similar, therefore, only the Steel anchor case is shown in the figure. In Figure 
6.12 the arrows highlighted the orientation of the compressive stress caused by the PPP, which 
confirmed that the compressive stress introduced in the web was at an angle of 45°. From Figure 
6.12(b), it is also noted that the distribution of the compressive stress through the depth of the 







Figure 6.12 Stress distribution in the web after activation of SMA-PPP from Steel anchors 
case: (a) diagonal compressive stress; (b) stress contour within web cross section. 
 
 The force-deflection curves from both installation methods are shown in Figure 6.13. It is 
observed that the Epoxy adhesive case exhibited 18.3% lower ultimate force and 50.7% lower 
ultimate deflection than the Steel anchor case. Such a sharp reduction in the load behavior was 
attributed to the debonding of SMA-PPP in the epoxy adhesive case as illustrated in Figure 6.14. 
Debonding was initially observed at the top and bottom of the PPP at the vicinity of the curved 
parts of SMA wire as shown in Figure 6.14(a). Then the debonding propagated as the principal 
tensile stress increased. Eventually, the overall debonding of the prestressing plate took place, as 
shown in Figure 6.14(b), leading to the total loss of SMA prestressing, and the sudden drop in 











Figure 6.14 Debonding in Epoxy adhesive case: (a) initial stage; (b) final debonding. 
 
It should be noted that the debonding of SMA-PPP occurred at high force level (after the 
onset of nonlinear behavior). Furthermore, the initial stiffness of the girder under service loading 
(i.e. linear region) was quite similar to that of the steel anchors connection case. Therefore, it 
could be concluded that even though both connections could successfully transfer the 
prestressing force from the SMA-PPP, failure due to debonding of the PPP is avoidable by using 
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steel anchors. Therefore, the shear strengthening parametric study was conducted using the steel 
anchors connection method. 
 
6.4.2 Parametric study on shear strengthening 
In the shear strengthening parametric study, as explained earlier, two parameters were 
considered, namely SMA volumetric ratio (𝜌𝑆𝑀𝐴) and inclination angle (𝜃𝑆𝑀𝐴). The 7 cases 
considered in the study along with their corresponding values for both variables are summarized 
in Table 6.2.  




S1 0.15% 45 
S2 0.25% 45 
S3 0.5% 45 
S4 0.75% 45 
S5 1.0% 45 
S6 0.5% 60 
S7 0.5% 90 
 
As indicated in the table, 𝜌𝑆𝑀𝐴 varied between 0.15% and 1.0%, while three inclination 
angles of 45°, 60°, and 90° were considered. For the study of the volumetric ratio of SMA 
(𝜌𝑆𝑀𝐴), the SMA wires were inclined at 45° to ensure that the prestressing stress would be 
oriented in the direction of the principal tensile stress in the web. The sectional area of the SMA 
wire was varied for cases S1-S5 to explore the sensitivity of the response to the amount of SMA 
used. For the study of inclination angle (𝜃𝑆𝑀𝐴), same 𝜌𝑆𝑀𝐴 of 0.50% was used for cases S6 and 
S7 to again explore the effect of SMA orientation on the behavior of the girder with PPP. The 
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SMA-PPP was mounted using steel anchors and the analysis was terminated when the stress 
within prestressing strands reached 𝑓𝑚𝑎𝑥 (1448 MPa) as described previously. The space 
between SMA wires was kept the same as 50.8 mm for all cases.  
 
6.4.3 Discussion on shear strengthening results  
The numerical force-deflection curves for different 𝜌𝑆𝑀𝐴 values obtained from the FE 
analysis are shown in Figure 6.15. It is noted that the peak force and the secant stiffness of the 
girder increased along with the increase of the amount of SMA used. Secant stiffness referred to 
herein corresponds to the deflection at the onset of nonlinear behavior in Control case as shown 
in Figure 6.10 (i.e. 2.5 mm). The overall behavior of the PPC girder was enhanced by showing 
improvement as high as 61% and 39.8% in peak force and secant stiffness, respectively for case 
S5 with 𝜌𝑆𝑀𝐴 equal to 1.0% compared to Control case.  
 
Figure 6.15 Force-deflection curves for different 𝜌𝑆𝑀𝐴 values. 
 
Figure 6.16 presents the stress distribution of the girder web for Control and S3 cases at 
deflection equal to 2.5 mm. From the figure, it is shown that inclined shear related tensile 
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stresses developed in the web. The occurrence of shear cracks corresponded to the onset of non-
linearity in the force-deflection curve that was indicated in Figure 6.10 at a deflection of 2.5 mm. 
However, at the same deflection, the shear crack was not observed in S3 case and only principal 
compressive stress was observed in Figure 6.16(b). The compressive stress from the prestressing 
of SMA-PPP in Figure 6.12(a) was able to offset the principal tensile stress developed in the web 
and delayed the occurrence of the shear cracks, which eventually resulted in the improvement in 
shear-flexure capacity and secant stiffness. Due to the prestressing applied in the web, PPC 
girder with PPP was able to undertake more load at the same deflection as compared to the as-
built girder causing the prestressing strands to reach their maximum stress (𝑓𝑚𝑎𝑥) earlier than in 
Control case. As a result, using a larger amount of SMA would increase strength yet, reduce the 
ductility (maximum deflection) of the girder. 
  
(a) (b) 
Figure 6.16 Stress distribution in girder web: (a) cracked end region for Control case; (b) 
uncracked end region for S3 case. 
 
To study the effect of the inclination angle of SMA wire, the force-deflection curves for 
different inclination angles are shown in Figure 6.17. It can be seen that the improvement in both 
peak force and secant stiffness declined from 38.5% to 25.1% and 38.8% to 24.3%, respectively, 
as the inclination angle of SMA increased from 45° to 90°. It is also observed that S3 with 𝜃𝑆𝑀𝐴 
equal to 45° yielded the highest improvement as compared to the other two cases by showing a 




Figure 6.17 Force-deflection curves for various 𝜃. 
 
The difference in the behaviors of the girder when strengthened with the same amount of 
SMA with different orientations can be demonstrated by Figure 6.18. It is seen that the 
compressive stress originated from the prestressing of SMA-PPP was oriented approximately in 
the direction of the inclination angle of SMA as shown in Figure 6.18(a) and Figure 6.18(c). For 
S6 with 𝜃𝑆𝑀𝐴 of 60° and S7 with 𝜃𝑆𝑀𝐴 of 90°, only the component of the prestressing that was 
aligned with the principal tensile stress served to resist the shear cracking. Hence, with more 
contribution from prestressing, the initial cracking of S6 was delayed and occurred at a 
deflection of 4.6 mm (See Figure 6.18(b)), while the shear crack initially occurred at a deflection 
of 3.4 mm in S7 (see Figure 6.18(d)). On the other hand, for S3 with 𝜃𝑆𝑀𝐴 equal to 45°, almost 
all the applied prestressing stress was perpendicular to the shear crack. As a result, S3 could 







Figure 6.18 Stress contour of girder web: (a) diagonal compressive stress (S6); (b) onset of 
cracking at a deflection of 4.6 mm (S6); (c) diagonal compressive stress (S7); (d) onset of 
cracking at a deflection of 3.4 mm (S7). 
 
6.5 FLEXURAL REPAIR ANALYSIS 
In this section parametric study was conducted to investigate the effectiveness of SMA-
PPP to restore the flexural capacity of PPC girder with flexural damage. The same calibrated FE 
model was used for the flexural analysis after introducing damage to the middle zone of the 
girder. The damage was first applied to the girder before the longitudinal strands were 
prestressed. Figure 6.19 demonstrates the simulation of the flexural damage. The damage was 
introduced by cutting two of the six strands at midspan to simulate the damage resulting from an 
over-height vehicle impact. Since the fractured strands were assumed to be ineffective at the 
middle section, each fractured strand was represented by two discrete strands modeled using 
fully embedded truss elements with a gap of 25.4 mm in between (see Figure 6.19). This gap was 
introduced to account for the elastic shortening of the fractured strands. To capture realistic 
stress transition within the ends of fractured strands, a stress gradient was assigned to the end of 
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the fractured part over a length equal to the strand’s transfer length (𝑙𝑡𝑟), which was assumed to 
be 25 times the diameter of the strand (Rose and Russell, 1997). It was also assumed that the 
stress gradient varied linearly from 0 to the effective stress (𝑓𝑝𝑒), and the stress of the fractured 
strand outside 𝑙𝑡𝑟 was allowed to increase during loading.  
 
Figure 6.19 Introduction of flexural damage due to cutting of strands. 
 
SMA-PPP was installed at the bottom of the girder with SMA wires spaced at 50.8 mm 
and equivalent section-area of SMA to compensate the prestressing loss due to the fracture of 
two strands. The equivalent area of SMA was calculated as 




where 𝑓𝑝𝑒 and 𝜎𝑟 are the effective prestressing stress of steel strands and the recovery stress of 
SMA respectively, and 𝐴𝑓𝑠 is the sectional area of fractured strands. From Equation 6-1, the 
section-area of SMA wire (𝐴𝑆𝑀𝐴) was determined as 43.2 mm
2. The studied variable in flexural 





6.5.1 Preliminary study on connection methods 
After the damage was assigned to the girder, the girder was prestressed prior to the 
installation of the SMA-PPP to the bottom flange. Once the plate was in position, SMA was 
activated to apply prestressing to the girder. Similar to shear strengthening, both steel anchor and 
epoxy connection methods were first studied to investigate their effectiveness in flexural repair. 
Three-point bending analysis with the setup depicted in Figure 6.20 was used with loading plate 
placed at the center of the girder and a total span (𝐿) equal to 7620 mm.  
 
Figure 6.20 Three-point bending test for flexure repair. 
 
Based on the flexural damage assigned to the strand, the length of the girder affected by 
the fracture of the strand included two transfer lengths and one fracture gap, i.e. roughly 0.08𝐿. 
In order to ensure that the SMA-PPP is fully covering this distressed region, 𝐿𝑆𝑀𝐴 of 0.12𝐿 was 
used. For epoxy adhesive connection, the relative movement between SMA-PPP and concrete 
girder was monitored to see if debonding occurred. The force-deflection curves for both 
connections are shown in Figure 6.21. It is shown that the peak forces of both connection 
methods were very close with only 3.9% difference and that the initial stiffness of the girder was 
the same for both connections. Both curves shared a similar pattern by showing the first minor 
drop in the force indicating the cracking of the SMA-PPP and the second drop showing the 
cracking of the bottom fiber concrete. Eventually, the analysis was terminated when the top 
flange concrete reached crushing. For the epoxy adhesive connection, no debonding was 
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observed between SMA-PPP and concrete. Since the slip of SMA-PPP was minimal for 𝐿𝑆𝑀𝐴 
equal to 0.12𝐿, it was deemed reasonable to assume that debonding of SMA-PPP would not 
occur as 𝐿𝑆𝑀𝐴 increased. Therefore, the epoxy adhesive was adopted for the flexural repair 
analysis to reduce labor efforts and achieve a fast and efficient repair. 
 
Figure 6.21 Flexural repair force-deflection curves using steel anchor and epoxy adhesive 
connections. 
 
6.5.2 Parametric study on flexural repair 
In the flexural repair study, since the volumetric ratio of SMA and total span length of the 
girder was identical for all cases, the only variable studied was the length of SMA (𝐿𝑆𝑀𝐴) 
expressed as a fraction of the total span length, 𝐿. Four cases with various 𝐿𝑆𝑀𝐴 were considered 
(see Table 6.3). 𝐿𝑆𝑀𝐴 of 0.08𝐿, as explained earlier, was the length of concrete impacted by the 
fractured strands. Therefore, 0.08𝐿 was considered as the minimum length of the PPP. The 
SMA-PPP was mounted to the bottom flange of the PPC girder using epoxy adhesive before 
vertical loading was applied. The purpose of this study was to explore if the SMA-PPP could 
effectively recover the flexural capacity of the girder with flexural damage and if the length of 
SMA would affect the efficacy of the repair. 
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Table 6.3 Flexural repair parametric study variables 
Case ID 
Parameters 
𝐿𝑆𝑀𝐴 𝐿 𝐴𝑆𝑀𝐴 
F1 0.08𝐿 (610 mm) 
7920 mm 43.2 mm2 
F2 0.12𝐿  (914 mm) 
F3 0.16𝐿 (1219 mm) 
F4 0.2𝐿 (1524 mm) 
 
6.5.3 Discussion on flexural repair results 
After the activation of SMA, the stress contours of the girder around the midspan were 
output to illustrate the prestressing effect from SMA-PPP as shown in Figure 6.22. Since the 
stress contour of all the cases shared a similar pattern, only the stress distribution of the girder for 
Damage and F3 cases are presented. It is observed that for the Damage case, due to the facture of 
the strands, a region with smaller compressive stress than the surrounding concrete was formed 
(see Figure 6.22(a)). Such a weak region would soon evolve into a tensile region once the load is 
applied resulting in the early cracking of the girder. From Figure 6.22(b) it is seen that the weak 
region was replaced by a compression field within the length of PPP. This strengthened area 







Figure 6.22 Stress contour of concrete girder: (a) damaged case; (b) F3 case. 
 
To shed more light on the repair effect using SMA-PPP, the prestressing stress 
distribution of the bottom strip as pointed out in Figure 6.22(b) along 𝐿𝑆𝑀𝐴 is depicted in Figure 
6.23. As shown in the figure, the stress distribution for all cases was symmetric with respect to 
the midspan and was all in compression. For the damaged girder, the prestressing stress dropped 
to 0.24 MPa at midspan due to the cutting of the strands. Outside the damaged region, the stress 
returned to the same level as in Control case. Due to the prestressing from SMA-PPP, the stress 
of concrete at midspan was increased from 0.24 MPa in the damaged case up to 2.48 MPa in F1 
case. Because of the stress concentration around the SMA curved parts, the stress distribution of 
bottom concrete fiber from all the repaired cases displayed the lowest stress at midspan and 
started to increase toward the ends of SMA-PPP. For SMA-PPP with longer 𝐿𝑆𝑀𝐴, the 
prestressing stress deceased from both ends of SMA and would reach a uniform stress at the 
center of the girder. Therefore, when 𝐿𝑆𝑀𝐴 exceeded 0.12𝐿, a stable prestressing stress about 1.5 
MPa was reached in the concrete. While for F1 with 𝐿𝑆𝑀𝐴 equal to 0.08𝐿, the length of PPP was 
too short to allow the prestressing stress to decline to a uniform stress as in other cases. Hence, a 
higher prestressing stress was obtained in F1. After reaching the peaks, the stress started to 




Figure 6.23 Stress distribution of bottom concrete along 𝐿𝑆𝑀𝐴. 
 
After the girder was repaired in flexure using SMA-PPP, the girder was loaded until the 
top concrete around the loading plate experienced crushing. Figure 6.24 presents the force-
deflections curves for different 𝐿𝑆𝑀𝐴 obtained from the FE analysis. It is observed that cutting 
two strands undermined the flexural behavior of the girder reducing the peak force by 24.4%.  
Despite that F1 case showed a slight reduction (0.9%) in peak force as compared to that of 
Control case, the flexural capacity and stiffness from other cases were all higher than that of 
Control case. The numerical results indicated that the girders fully recovered the flexural 




Figure 6.24 Stress distribution of bottom concrete along 𝐿𝑆𝑀𝐴. 
 
6.6 COMPARISON BETWEEN SMA-PPP AND FRP LAMINATE 
Based on the parametric study performed on the shear strengthening and flexural repair, it 
is confirmed that SMA-PPP is effective in applying prestressing to local regions. As a commonly 
used repair and strengthening material, fiber reinforced polymer (FRP) has been widely used 
recently to strengthen and repair structures. It will be of interest to compare the performance of 
the proposed prestressing technique and the commonly used method on local retrofits and 
repairs. Hence, in the following sections, the effectiveness of SMA-PPP and FRP laminate in 
shear strengthening and flexural repair are compared. 
 
6.6.1 SMA-PPP vs. FRP laminate for shear strengthening 
For shear strengthening using SMA-PPP, 𝜌𝑆𝑀𝐴 of 0.50% and 𝜃𝑆𝑀𝐴 of 45° as adopted in 
Case S3 were selected for PPP-S case. For FRP retrofit case, carbon FRP sheet was selected 
because of its high tensile strength (930 MPa) and modulus of elasticity (86.9 GPa). The used 
CFRP laminate was 1080 mm in width and 1.24 mm in thickness and covered the whole shear 
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span starting from the web to bottom flange. The thickness (𝑡𝐹𝑅𝑃) of FRP laminate was 
calculated using Equation 6-2 to ensure the same equivalent area as SMA wire by assuming an 
effective strain of FRP as 0.004. Hence, 𝑡𝐹𝑅𝑃 was calculated as  




where 𝜎𝑟 and 𝐴𝑆𝑀𝐴 are the recovery stress and total sectional area of SMA, respectively, and 
𝐸𝐹𝑅𝑃 and 𝜀𝐹𝑅𝑃 are the Young’s modulus and effective strain of FRP laminate. Since the FRP 
laminate covered the whole shear span, the length of the FRP laminate was equal to the length of 
the shear span, i.e. 𝐿𝑠. Using the above equation, the thickness of FRP laminate (𝑡𝐹𝑅𝑃) was 
determined to be 4.8 mm. The bond between FRP laminate and concrete was modeled in the 
same manner as in the epoxy connection of SMA-PPP. The properties of the cohesive layer were 
adopted from the FE analysis for FRP laminate repair in Chapter 4.  
 The responses of the girder from FE analysis for both PPP-S and FRP-S case are shown 
in Figure 6.25. From the figure, it is observed that the ultimate shear capacity from strengthened 
girder using PPP and FRP laminate was close to each other with only 2% difference, which was 
expected because the equivalent area was used. However, if secant stiffness was compared to 
Control case, it is obvious that CFRP strengthened girder showed almost the same stiffness as the 
Control case with only 4.6% difference, while the PPP increased the stiffness by 38.8%. The 
significant improvement in stiffness of the girder was attributed to the applied compressive stress 
in the concrete web from prestressing compensating the tensile cracking stress developed during 
loading, while the strengthening effect from FRP laminate mostly relied on the shear 
deformation of the girder. The FRP laminate would engage in assisting shear behavior only when 
a certain level of deformation was reached. Such delay in the response of strengthening materials 




Figure 6.25 Force-deflection curves of PPP and FRP laminate for shear strengthening. 
 
6.6.2 SMA-PPP vs. FRP laminate for flexural repair 
To compare the repair effect using SMA-PPP with that using FRP laminate, one case of 
repairing the flexure-damaged girder using FRP laminate was studied. Case F2 (see Table 6.3) 
with 𝐿𝑆𝑀𝐴 equal to 0.12𝐿 was chosen for PPP-F case and compared with FRP repaired case. The 
thickness of the FRP laminate was computed in Equation 6-3 to compensate for the prestressing 
loss due to the fracture of two strands by assuming the FRP laminate reaching its effective strain 
of 0.004. The length of FRP laminate was kept the same as 𝐿𝑆𝑀𝐴 in F2 case, which was 0.12𝐿. 
The thickness of FRP laminate was computed as 




The force-defection curves for both repair techniques are shown in Figure 6.26. It is 
shown that the FRP laminate repair improved the peak force by 3.7% as compared to Damage 
case but was not able to recover the flexural capacity of the girder. Due to the fact that FRP 
laminate was not prestressed, the low force developed within FRP laminate at the cracking of 
concrete was not able to help the girder carry higher load. The ultimate strain developed in FRP 
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laminate was much lower than its effective strain, indicating that larger thickness of FRP 
laminate was required to fully restore the load capacity of the girder. 
 
Figure 6.26 Force-deflection curves of PPP and FRP laminate for flexural repair. 
 
6.7 SUMMARY 
In this chapter, the experimentally proven SMA-PPP technique was numerically 
investigated to explore its efficacy in retrofitting and repairing local distressed regions in PPC. 
Two types of damages i.e. end region damage and flexural damage were studied numerically. 
The effects of variables including the volumetric ratio of SMA, inclination angle and length of 
SMA wire on the performance of SMA-PPP were examined in the parametric study. Numerical 
results showed that a significant improvement up to 61% in shear capacity was achieved in the 
girder strengthened with SMA-PPP, while the girder with fractured strands fully recovered the 
peak force and stiffness after being repaired with SMA-PPP. The parameters for shear 
strengthening using PPP should be selected based on target strengthening performance to achieve 
both optimal strengthening effect and cost efficiency. For flexural repair, the length of the SMA 
wire should at least cover the whole damage region. As compared to FRP laminate, PPP was 
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more effective in retrofitting the end region and repairing the flexural damage owing to the 
prestressing stress applied by SMA. The parametric study clearly demonstrated the ability of 
SMA-PPP to tackle local damage issues that conventional external prestressing technique was 






















CHAPTER 7: DURABILITY OF NITINB SHAPE MEMORY ALLOY UNDER A 
HARSH CORROSIVE ENVIRONMENT 
 
 Nickle-titanium-niobium (NiTiNb) alloy is among the SMA types that showed promise in 
prestressing applications. This is mainly due to its stable recovery stress (prestress) at a wide 
range of ambient temperatures. Therefore, NiTiNb was used in the study of the proposed 
prestressing technique using PPP in Chapter 5. Despite its promise in concrete prestressing, there 
is still a significant lack of knowledge pertinent to the long-term behavior and durability of the 
NiTiNb alloy. Using NiTiNb as prestressing reinforcement will possibly expose it to harsh 
environmental and chemical conditions, which could impact the performance of the 
reinforcement. With the aim of investigating the long-term behavior of NiTiNb as a concrete 
prestressing reinforcement, this chapter discusses an accelerated aging experimental 
investigation on the impact of environmental corrosion factors on the mechanical properties of 
NiTiNb. 
 
7.1 ACCELERATED AGING PROTOCOL 
 In order to provide the corrosive condition and accelerate the corrosion rate of NiTiNb 
SMA, an accelerated aging protocol was introduced in studying the long-term behavior of 
NiTiNb. Accelerated aging has been widely accepted as a technique for investigating the long-
term behavior of different kinds of materials. For metallic materials, aging primarily stems from 
the deterioration caused by corrosion. Nishikata et al. (1995) used wet-dry cycles comprising 
immersion in NaCl solution followed by drying to study atmospheric corrosion in steel. The 
same method was used by El-Mahdy et al. (2000), Yadav et al. (2004), and Yadav (2010). El-
Mahdy and Kim (2004) and El-Mahdy (2005) also employed this method to study the corrosion 
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behavior of aluminum and copper. Xing et al. (2010) used immersion in seawater followed by 
drying to study the corrosion of Al-Zn alloy–coated steel in a marine environment. To study the 
corrosion behavior of scaled rebar in concrete, Wei et al. (2012) adopted a different wet-dry 
cycle by using one-day immersion and four-day drying at 80°C. The method called for in ASTM 
G44 (ASTM 2013a) uses alternate immersion for 10 min followed by 50 min drying at 45% 
relative humidity (RH) and 27°C to explore the corrosion of metals and alloys in neutral NaCl 
solution. Along with wet-dry cycles, continuous immersion or wetting has been widely applied. 
ASTM B117 (ASTM 2011b) and ASTM G85 (ASTM 2011a) standard practice calls for salt-
spray testing to tackle corrosion. 
 In general, there is no agreement in the literature on accelerated corrosion methods. Also, 
there are no standards for accelerated corrosion testing on NiTiNb pertinent to the alloy’s 
application in civil structures. As a result, the accelerated corrosion test used in this study was 
adopted from the literature and comprised alternate immersion for 1-h in 3.5% NaCl (by weight) 
with pH = 4 and drying for 7-h at 60% RH and 25°C. This protocol was selected for the 
following two reasons: (1) wet-dry cycles comprising 1-h immersion and 7-h drying at 60% RH 
and 25°C have been widely used and accepted (Nishikata et al. 1995; El-Mahdy et al. 2000; El-
Mahdy and Kim 2004; Yadav et al. 2004; El-Mahdy 2005; Yadav 2010; Xing et al. 2010) and 
(2) 3.5% NaCl (by weight) solution is a general solution that has been used in most corrosion 
tests for metals (ASTM G44) and its concentration is approximately equal to that of deicing salt 
solution. The adopted protocol involved subjecting 2-mm-diameter NiTiNb wire specimens to 42 





7.2 SURFACE TREATMENT 
 The NiTiNb wires used in the study had a chemical composition of Ni, Ti, and Nb (% by 
weight) from energy-dispersive X-ray spectroscopy (EDS) analysis was 55, 36, and 9%, 
respectively. The wires were of circular section and 2 mm in diameter and trimmed to a length of 
305 mm for the tests. After manufacturing, the wires were prestrained in tension to 
approximately 6.4% strain by the manufacturer while the material was in its martensitic phase. 
Other thermomechanical properties such as transition temperature, heating methods, and so forth, 
can be found in Dommer and Andrawes (2012). 
 The relatively good corrosion resistance of NiTi-based shape memory alloys is dependent 
on the formation of a thin adherent oxide layer, known as passive film, on its surface (Duerig et 
al. 1990). Such passive film is naturally formed and therefore often incorporates initial 
imperfections, such as pores, minor cuts, dips, or cracks. Those regions with defects can cause 
the passive film to be vulnerable to aggressive environmental conditions (Gojić et al. 2012). In 
addition to examining the corrosion resistance of as-is NiTiNb specimens, this study investigated 
the impact of surface treatment on NiTiNb specimens to improve the quality of the passive film 
and to determine the treatment’s effectiveness in enhancing corrosion resistance.  
 Typically, the surface treatment of metallic material includes electropolishing, thermal or 
chemical oxidation, and coating. In the current work, chemical oxidation and epoxy coating were 
used. The oxidizing agent selected for chemical passivation was 30% v/v nitric acid. As per 
ASTM F86 (ASTM 2013b), the NiTiNb specimens were cleaned first and then immersed in 30% 
v/v nitric acid for 1 h. After chemical passivation, the specimens were thoroughly rinsed with 
distilled water and were ready for accelerated corrosion testing. The epoxy coating used was 
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rebar coating, which was uniformly sprayed on the surface of the specimens and left in the air to 
dry. 
 
7.3 TESTING/EVALUATION METHODS 
 The state of corrosion and its impact on NiTiNb SMA was evaluated using 2-mm-
diameter SMA specimens subjected to five different testing/evaluation methods: electrochemical 
testing, recovery stress testing, uniaxial tensile testing, scanning electron microscopic (SEM) 
imaging, and energy-dispersive X-ray spectroscopy (EDS). A flowchart of the testing methods is 
shown in Figure 7.1. The following subsections describe the setup used in this study for these 
methods. 
 
Figure 7.1 Flowchart of testing methods of non-prestressed and prestressed specimens. 
 
7.3.1 Electrochemical testing: open circuit potential 
 The open circuit potential (OCP) method, a straightforward and effective electrochemical 
method often used to evaluate the corrosion resistance of metallic materials, was adopted in this 
study (Kabir and Mahmud 2010). A two-electrode electrochemical cell with a copper/copper 
sulfate electrode (CSE) as a reference electrode (RE) was used. A schematic of the OCP test 
setup is shown in Figure 7.2 for the non-prestressed specimens. The electrolyte used in the 
accelerated corrosion test was 3.5% (by weight) NaCl solution prepared with distilled water. The 
pH value was obtained by mixing sulfuric acid and nitric acid with a 2:1 molar ratio (Kong and 
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Orbison 1987; Sersale et al. 1998). Both the working electrode (WE)-the specimen and the 
reference electrode (RE)-CSE were connected to a multimeter, and the potential reading was 
recorded in each cycle during the 1-h immersion. Because of the process of corrosion, a 
difference in potential is generated between two electrodes that can be captured by a multimeter. 
The obtained voltage reading reveals the corrosion level of a given material. A higher absolute 
value for the voltage reading correlates with more severe corrosion during immersion.  
 
Figure 7.2 Schematic of the open circuit potential (OCP) method. 
 
7.3.2 Recovery stress testing 
 Recovery stress testing was used to monitor the change in recovery stress of the 
prestressed NiTiNb while subjected to accelerated corrosion. A steel container with inner 
dimensions 101 mm x 76 mm x 79 mm was manufactured and equipped with a cylindrical load 
cell, which was used to monitor the force developed in the SMA specimens (see Figure 7.3). To 
generate recovery stress in the SMA, each specimen was fixed by three split bolts (anchors) on 
each end to prevent slippage and then heated by electrical resistivity and propane torch to induce 
recovery stress (prestress). Next, the solution was poured into the container to start the 
accelerated corrosion test. Recovery stress was recorded using the load cell shown in Figure 7.3 
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at the beginning of each of the immersion and drying cycles until the accelerated corrosion test 
was completed. The prestressed specimens were also connected a reference electrode and the 
voltage between them was monitored during the immersion.  
 
Figure 7.3 Recovery stress test setup. 
 
7.3.3 Uniaxial tensile testing 
 After being subjected to accelerated corrosion, the specimens were subjected to uniaxial 
cyclic tensile tests. These tests were carried out to investigate the impact of the accelerated-
corrosion test on the strength and ductility of the prestressed and non-prestressed NiTiNb SMAs. 
Cyclic tensile loading was used to simulate repetitive loading conditions, such as seismic or wind 
loading, in structures. For prestressed specimens, container and anchors were removed after each 
specimen was fixed to the hydraulic loading frame grips used to conduct the tensile test (see 
Figure 7.4). Then, for both prestressed and non-prestressed cases, the specimens were heated 
above 𝐴𝑓 using a propane torch to generate recovery stress. After peak stress was reached, each 
specimen was allowed to cool to room temperature. Then cyclic loading was applied with a 
loading rate of 0.036 mm/s and an increment rate of 0.9 mm/cycle. A 152-mm extensometer was 




Figure 7.4 Uniaxial tensile test setup. 
 
7.3.4 Scanning electron microscopy 
 Scanning electron microscopy (SEM) was employed to capture the surface topography of 
the tested specimens. Based on the different signals produced, SEM includes second electron 
(SE) images and backscattered electron (BSE) images (Goldstein et al. 2012). Because the 
corrosion mechanism can cause localized deterioration at spots where the external protective 
oxide passive film has been damaged, both SE and BSE images were used to scan these damaged 
locations to evaluate the corroded specimens’ deterioration levels. 
 
7.3.5 Energy-dispersive X-ray spectroscopy 
 Energy-dispersive X-ray spectroscopy (EDS) is a nondestructive method that provides 
elemental analysis and chemical characterization in a selected area of a sample surface (Wollman 
et al. 1997). In this study, EDS served as a means to analyze the chemical composition of the 
fractured surface and shed light on the corrosion mechanism of NiTiNb. 
 Both SEM and EDS analysis could be carried out at the same time in the scanning 
chamber (see Figure 7.5(a)) after the cyclic tensile tests were finished. To maintain the 
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topography of the fractured surface without contamination, no surface treatment was applied. All 
specimens were trimmed to a smaller size and attached to the support as shown in Figure 7.5(b). 
  
(a) (b) 
Figure 7.5 SEM imaging and EDS analysis: (a) scanning system; (b) prepared specimens 
before scanning. 
 
7.4 TEST MATRIX 
 To provide a comprehensive evaluation of the long-term behavior of NiTiNb, the test 
matrix presented in Table 7.1 was adopted in this study. This matrix was designed to provide a 
better understanding of the impact of corrosive environments on the recovery stress of 
prestressed and non-prestressed NiTiNb, and to show whether treating the SMA surface is 
necessary and/or effective in mitigating the impact of corrosion on NiTiNb SMAs. Non-
prestressed specimens made of carbon steel, which is commonly used as reinforcement, were 
used for comparison. The carbon steel wires, conforming with ASTM A853 (ASTM 2010), were 
2-mm-diameter smooth wires with a length of 305 mm and a tensile strength equal to 482 MPa. 
As shown in the table, eight different groups of SMA specimens with four different conditions, 
labeled C, S, E, and T, were considered in the test matrix. The four conditions considered in this 
test program were as follows: (1) corrosion: SMA and steel specimens subjected to corrosion 
were labeled “C” (e.g., SMA-C1, Steel-C1); (2) prestressing: SMA specimens that were 
thermally prestressed were labeled “S” (e.g., SMA-S was prestressed but not subjected to 
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corrosive environment; SMA-SC1 was prestressed and then subjected to corrosion); (3) epoxy 
coating: SMA specimens treated with epoxy coating prior to being subjected to corrosion were 
labeled “E” (e.g., SMA-EC); and (4) chemical passivation: SMA specimens subjected to surface 
treatment using chemical passivation prior to being subjected to the corrosive environment were 
labeled “T” (e.g., SMA-TC). To assess the impact of corrosion on mechanical properties, all 
specimens were subjected to uniaxial tensile testing until failure. 





Unprestressed SMA specimen without 
surface treatment or corrosion 
1 SMA-U 
Unprestressed SMA specimen without 
surface treatment, with corrosion 
6 
SMA-C1, SMA-C2, SMA-C3, 
SMA-C4, SMA-C5, SMA-C6 
Unprestressed SMA specimen with epoxy 
coating, with corrosion 
1 SMA-EC 
Unprestressed SMA specimen with 
chemical passivation, with corrosion 
1 SMA-TC 
Prestressed SMA specimen without 
surface treatment or corrosion 
1 SMA-US 
Prestressed SMA specimen without 
surface treatment, with corrosion 
2 SMA-SC1, SMA-SC2 
Prestressed SMA specimen with epoxy 
coating, with corrosion 
1 SMA-ESC 
Prestressed SMA specimen with chemical 
passivation, with corrosion 
1 SMA-TSC 
   
Steel specimen without corrosion 1 Steel-U 
Steel specimen with corrosion 2 Steel-C1, Steel-C2 
 
7.5 TEST RESULTS 
7.5.1 OCP 
 Figure 7.6 shows the average potential (𝐸𝑐𝑜) values relative to that of the reference 
electrode (CSE) for all SMA and steel specimens subjected to the corrosion test. To examine the 
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effect of surface treatment, the results for the SMA specimens with treated and untreated 
surfaces are shown separately. As observed, the absolute potential value of carbon steel was 
significantly higher than that of NiTiNb, which indicated that the steel specimens were likely to 
experience more severe corrosion than NiTiNb specimens. Such a conclusion was reflected in 
the surface of the specimens. Prior to testing the surface of the carbon steel specimen was 
smooth and the specimen cross section was uniform. After the test, the immersed part of the 
specimen was covered with corrosion products, which resulted in the expansion of the cross 
section at the immersed part. Expansion caused by corrosion is considered one of the main 
reasons for the cracking of concrete. In contrast, the surface of the NiTiNb specimens showed no 
significant difference before and after the corrosion test. Moreover, the surface condition prior 
and subsequent to testing showed that the steel specimen sustained uniform corrosion throughout 
its length but corrosion in the NiTiNb specimen occurred at local regions. As for the corrosion 
potential (𝐸𝑐𝑜) of the SMA specimens with surface treatment, regardless of whether epoxy 
coating or chemical passivation was used, treating the specimen surfaces yielded very low 
absolute corrosion potential. Comparison of SMA with and without surface treatment showed 
that the untreated SMA specimens were of good corrosive resistance and so further surface 




Figure 7.6 OCP results: corrosion potential of specimens during the accelerated corrosion test. 
 
7.5.2 Non-prestressed SMA specimens 
 After the completion of the accelerated-corrosion tests on non-prestressed specimens, the 
specimens were fixed to the grips of the loading frame and heated using a propane torch to 
induce recovery stress. A sample of recovery stress results obtained from an SMA specimen 
subjected to corrosion (SMA-C1) compared with a control specimen with no corrosion or surface 
treatment (SMA-U) is shown in Figure 7.7(a). It can be observed that as the temperature 
increased the tensile stress increased until the peak value was reached. At that point, heating was 
terminated, and the stress started to decrease until it reached a constant value (residual recovery 
stress). Residual stress was recorded as final recovery stress.  
 After the recovery stress was generated and stabilized, each specimen was subsequently 
subjected to cyclic tensile loading until fracture. During unloading, the specimen was unloaded 
to a tensile stress equal to the recovery stress and was loaded again to the target strain increment. 
The stress-strain curve for specimen SMA-C1 is compared with that of SMA-U in Figure 7.7(b). 
As shown, both curves exhibited linear behavior followed by nonlinear behavior until fracture. 
Mechanical test results of the non-prestressed specimens—recovery stress, maximum stress, and 
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ultimate strain as highlighted in Figure 7.7(b)—are summarized in Table 7.2. The recovery stress 
values for all specimens showed that the stress varied between 561 and 623 MPa. However, the 
difference in recovery stress of specimens subjected to corrosion compared with that of the 
control specimen was less than 5%, indicating a negligible effect of corrosion on recovery stress. 
Because there was no obvious impact of corrosion on specimens with no surface treatment, 






Figure 7.7 Mechanical test results for non-prestressed SMA specimens: (a) recovery stress 




 According to the results in Table 7.2, the six SMA specimens subjected to corrosion 
without surface treatment exhibited an average strength and ultimate strain reduction of 2.8 and 
26.4%, respectively, compared with that of the control specimen (SMA-U). The results for 
SMA-C2 were excluded from these average values because this specimen failed prematurely and 
was considered as outlier. The considerably large variations in ultimate strain for specimens with 
no surface treatment subjected to corrosion could be attributed to imperfections (e.g., pores, cuts) 
in the protective passive film that could have formed at random locations during manufacturing 
(Gojić et al. 2012). As discussed earlier, to eliminate the influence of these imperfections, 
surface treatment was performed on two specimens (SMA-EC and SMA-TC). Both showed very 
close results compared with the control specimen. As for the specimen treated with chemical 
passivation (SMA-TC), its strength increased by 1.4% whereas its ultimate strain decreased by 
10.3% compared with the control. However, the strength and ultimate strain of the specimen 
treated with epoxy coating (SMA-EC) decreased by 1.0 and 9.9%, respectively, compared with 
the control specimen. These results clearly illustrate that the initial quality of the passive film 
plays a significant role in the corrosion behavior of NiTiNb and that the condition of the original 


















SMA-U 589 1250 22.3 
SMA-C1 616 1231 22.3 
SMA-C2 623 867 6.7 
SMA-C3 592 1198 14.3 
SMA-C4 596 1167 13.0 
SMA-C5 594 1190 13.0 
SMA-C6 561 1292 19.5 
SMA-EC 593 1237 20.1 
SMA-TC 581 1268 20.0 
 
 To better understand the corrosion mechanism in NiTiNb, backscattered electron (BSE) 
images of the fractured surface of specimen SMA-C3 were taken after tensile testing was 
completed. The control specimen (SMA-U) was also scanned for comparison. The images are 
shown in Figure 7.8. The corroded specimen (SMA-C3) showed different topography from that 
of the non-corroded specimen (SMA-U), as indicated by the dark area circled in Figure 7.8(b). 
For the SMA-U shown in Figure 7.8(a), the fractured surface was of uniform brightness, which 
indicated that the section was complete without any area loss due to corrosion. However, the 
scanned section of SMA-C3 revealed nonuniform brightness on the surface, indicated by the 
dark region. As shown in Figure 7.8(b), corrosion resulted in the loss of the substrate material 
and the formation of a hollow structure at the local region. This hollow structure was the most 
vulnerable region in the entire specimen and so was the location of the fracture. Figure 7.9 shows 
several dark spots both on the circumferential surface (passive film) and inside the substrate of 
the control specimen (SMA-U). These dark spots were the initial defects, discussed earlier, that 





Figure 7.8 SEM images of specimens at the fractured surface: (a) SMA-U; (b) SMA-C3. 
 
 
Figure 7.9 SEM images of SMA-U passive film at the fractured surfaces. 
 
7.5.3 Prestressed SMA specimens 
 To study the impact of corrosion on prestressed NiTiNb alloys (i.e., when recovery stress 
is applied prior to subjecting the alloy to the corrosive environment), four prestressed specimens, 
(two with untreated surfaces and two with treated surfaces), were subjected to an accelerated 
corrosion test followed by a uniaxial cyclic test. The same test setup discussed earlier and shown 




Figure 7.10 Recovery stress of prestressed specimens during corrosion cycles. 
 
 After recovery stress was induced, the specimens were subjected to wet-dry corrosive 
cycles. Figure 7.10 shows the variation in the recovery stress during these cycles. To provide a 
common basis for comparing all specimens, all curves were shifted to the same stress in the first 
cycle to observe the general pattern of recovery stress. From Figure 7.10, it can be observed that 
for all specimens, including the control, recovery stress remained stable by showing oscillations 
within 10 MPa during corrosion cycles. Only approximately 3% decrease in the recovery stress 
was observed in the first three cycles, indicating that the reduction could not be attributed to 
corrosion. Instead, it was most likely the result of combined factors, including gap closure, 
elastic deformations, and creep deformations induced in the steel container and load cell caused 
by prestressing. Such deformations allowed the SMA specimens to recover a small amount of 
strain and lose recovery stress. As the steel container and load cell deformations were completed 
in the first few cycles, recovery stress for all specimens tended to stabilize and reached a plateau 
with small fluctuations until the end of the accelerated-corrosion test. Figure 7.10 also shows that 
the NiTiNb specimens without surface treatment (SMA-SC1 and SMA-SC2) yielded similar 
patterns as compared with that of the control (SMA-US), which indicated that the corrosive 
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condition had almost no impact on prestressed specimen recovery stress. For the specimens with 
surface treatment (SMA-ESC and SMA-TSC), recovery stress was also close to that of SMA-
US. Because recovery stress from untreated specimens was not influenced by the corrosive 
condition, the effect of the surface treatment was not significantly reflected during the long-term 
test of the prestressed SMA specimens. 








SMA-US 505 1250 22.3 
SMA-SC1 529 972 7.3 
SMA-SC2 453 1148 11.2 
SMA-ESC 561 948 9.2 
SMA-TSC 315 693 1.6 
 
 After accelerated-corrosion testing, cyclic tensile loading was applied to the SMA 
specimens. The mechanical test results for all prestressed specimens, including maximum stress 
and ultimate strain, are listed in Table 7.3. After the specimens were fixed to the grips of the load 
machine, the steel container was removed. To ensure that all specimens reached full recovery 
stress, they were reheated using a propane torch. From Table 3 it can be observed that all 
specimens showed great variation in both maximum stress and maximum strain. This was mainly 
due to removing the specimens from the steel container and fixing them to the load machine, 
which led to some unexpected damage to the gripping part of the SMA specimens, causing three 
of the tested specimens (SMA-SC2, SMA-ESC, and SMA-TSC) to fail prematurely at the grips. 
Specimen SMA-SC1 was the only one that fractured at the immersed part. Compared with SMA-
SC1, SMA-SC2 showed greater ultimate strength and strain despite its premature failure, which 
178 
 
clearly demonstrated that SMA-SC1 was more susceptible to corrosion compared with the other 
specimens. 
 To investigate the corrosion mechanism that might have contributed to the vulnerability 
of Specimen SMA-SC1, energy-dispersive X-ray spectroscopy (EDS) was used to scan SMA-
SC1 and analyze chemical composition at the corroded region on the fractured surface. Specimen 
SMA-U was also scanned using EDS for comparison, and the results are shown in Figure 7.11. 
As shown in Figure 7.11(a), the thin dark layer (Region 1) on the surface of SMA-U was the 
original passive film of the NiTiNb specimen and Region 2 was the substrate. EDS scanning 
results for Region 1 and Region 2 are shown in Figure 7.11 (c). At Region 1, the amount of 
oxygen was much higher than that in Region 2. Considering that Ti was chemically more 
reactive than Ni and there was over 50% of titanium in the alloy, the result confirmed that a 
series of oxides of titanium were formed on the outer layer of the NiTiNb specimen. A relatively 
large number of foreign elements [labeled as “Other” in Figure 7.11 (c)] were on the specimen’s 
outer layer and could have been the result of manufacturing. The inner region of SMA-U 
(Region 2) showed larger amounts of Ni and Ti than those in Region 1 whereas the content of 
oxygen and other elements decreased to almost zero. As for the corroded specimen (SMA-SC1), 
as shown in Figure 7.11 (b), Region 3 was located in the substrate whereas Region 4 was in the 
corroded region. The EDS results showed that the non-corroded Region 3 had a chemical 
composition similar to that of Region 2. However, the specimen showed almost depleted Ni and 
Ti at Region 4, indicating that the corrosion caused leaking of Ni and Ti. The loss of the material 











Figure 7.11 SEM images: (a) SMA-U; (b) SMA-SC1, EDS analysis results: (c) chemical 







NiTiNb has emerged as one of the SMAs that exhibit promise in prestressing applications 
over the last few years. Despite the efforts to understand the mechanical behavior of NiTiNb, its 
corrosion resistance is yet to be understood. The main objective of this study was to investigate 
the influence that harsh corrosive conditions pertinent to civil structures might have on the 
mechanical behavior of NiTiNb SMAs. The study used an accelerated aging protocol to simulate 
actual field conditions by subjecting NiTiNb specimens to wet-dry cycles in NaCl solution. The 
state of corrosion and its impact on NiTiNb were evaluated using five different testing/evaluation 
methods: electrochemical testing, recovery stress testing, uniaxial tensile testing, scanning 
electron microscopic (SEM) imaging, and energy-dispersive X-ray spectroscopy (EDS). Test 
results indicated that NiTiNb SMA exhibited significantly better durability and corrosion 















CHAPTER 8: DEVELOPMENT OF STRUT-AND-TIE MODEL FOR FRP AND SMA 
REHABILITATION 
 
 Distressed end region, as discussed earlier, typically impacts very short distance at the 
girder ends. Therefore, such damage will primarily impact the behavior of the girder when 
subjected to loads applied very close to the girder’s support, i.e. with very short shear span. In 
this case, conventional beam theory is not applicable and the use of the strut-and-tie model 
(STM) is warranted. However, STM has never been used to analyze distressed end region of 
prestressed concrete girder repaired and strengthened by FRP laminate and/or SMA. Hence, this 
chapter presents a proposed approach for developing an STM for these cases. The model will 
help establish a better understanding of the contribution of FRP and SMA to the recovery of 
distressed end region as well as to predict the shear capacity of the concrete girder rehabilitated 
by FRP laminate and PPP. 
 
8.1 BACKGROUND ON APPLICATIONS OF STRUT-AND-TIE MODELS 
 In general, concrete members can be divided into two regions: B-regions and D-regions. 
B-region is a region where there is a linear variation in strain over the depth of the member and 
conventional beam theory could be applied. D-regions are discontinuity regions located adjacent 
to discontinuities or disturbance where beam theory no longer applies. D-regions could form due 
to geometric discontinuities such as an abrupt change in cross section or statical discontinuities 
such as the application of concentrated load (Wight and MacGregor 2012). Figure 8.1 illustrates 
the locations of B-regions and D-regions in a common concrete bridge. To analyze D-regions 
where conventional beam theory does not apply, strut-and-tie models (STM) are permitted to be 
applied to calculate the capacity of the members (ACI 318 (2019) and AASHTO LRFD (2017)). 
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Research studies that employed STM to analyze concrete structures and predict the load-carrying 
capacity of elements strengthened with FRP composites are summarized in the subsequent 
sections. 
 
Figure 8.1 Locations of B-regions and D-regions in a normal concrete bridge (Tjhin and 
Kuchma 2002). 
 
8.1.1 Applications of STM to analyze concrete structures 
 Foster (1998) developed a strut-and-tie model to describe the mechanics of non-flexural 
behavior. A rational formulation was developed to obtain minimum web reinforcement 
requirements with the results consistent with web reinforcement ratios that have proved 
satisfactory for normal strength concrete. Tan et al (2001) exploited STM to predict the shear 
capacity of prestressed deep beams. In this work, the tensile strength contributions of 
longitudinal reinforcement, web reinforcement, prestressing tendon, and concrete were 
considered to calculate the shear capacity of deep beams. Matamoros and Wong (2003) 
presented a procedure to calculate the amount of reinforcement and the strength of deep beams 
using STM. The proposed design equations were calibrated using experimental results from 175 
simply supported beams from literature with a maximum a/d equal to 3.  
 Nagarajan and Pillai (2008) developed simple equations using STM to obtain the area of 
main steel required to achieve a balanced type of failure and to obtain the ultimate capacity of 
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deep beams with different failure modes. Arabzadeh et al. (2009) presented a new method based 
on STM to determine the shear capacity of simply supported RC deep beams. The proposed 
method was applicable to design deep beams with various parameters such as concrete strength, 
arrangements and amount of web reinforcements and values of a/d ratios. 
Kim et al. (2014) explored the effectiveness factor of STM for concrete deep beams 
reinforced with FRP rebars. The new effectiveness factor of concrete struts was derived based on 
test results and well-known effect of concrete specimen geometry on effective compressive 
strength. Moradi and Reza Esfahani (2017) proposed a method using STM to design steel fiber 
reinforced concrete (SFRC) deep beams with openings. To validate the proposed design method, 
four large-scale specimens with two SFRC deep beams and two RC deep beams were 
monotonically loaded until failure.  
 Additional works studying the applicability of STM to design and estimate the capacity 
of concrete structures could be found in Maxwell and Breen 2000, Reineck 2002, Quintero-
Febres et al. 2006, Brena and Morrison 2007, Kuchma et al. 2008, Williams et al. 2012, Kim and 
Hwang 2016, Shuraim and El-Sayed 2016, among others.  
 
8.1.2 Applications of STM to analyze FRP strengthened concrete structures 
 Park and Aboutaha (2009) exploited STM to analyze the load-carrying capacity of RC 
deep beams strengthened by CFRP composites. It was found that the proposed strut-and-tie 
approach was useful and effective to analyze CFRP strengthened deep RC members. It was also 
concluded that the effective factor models that accounted for compressive strength of concrete 




 Godat and Chaallal (2013) investigated the effectiveness of STM in predicting the shear 
capacity of large-scale beam strengthened by externally bonded CFRP laminates. To validate the 
proposed STM, a total of 14 specimens strengthened by U-wrapped CFRP laminates were tested 
using three-point bending tests with a/d equal to 2. In the STM, as shown in Figure 8.2, the 
strengthening effect from CFRP laminates combined with tensile force from steel stirrups was 
included in the vertical tension tie. After the calculated results from STM were compared with 
experimental results, it was confirmed that the proposed STM was able to predict the loading 
capacities of FRP strengthened beams with accuracy.   
 
Figure 8.2 Strut-and-tie model based on truss analogy (in mm) (Godat and Chaallal 2013). 
 
 Panjehpour et al. (2014) aimed to analyze the shear load-carrying capacity of RC deep 
beams strengthened with CFRP laminates using STM. In this work, a method to modify the strut 
effectiveness factor in STM was proposed by modifying the principal tensile strain based on the 
ratio between experimental to theoretical value of principal tensile strain and the a/d ratio. By 
comparing the results obtained from the proposed STM with those obtained from the 
experimental tests, it was concluded that the modified STM could be employed to predict the 
shear strength of RC deep beams strengthened by CFRP laminates. 
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 Bahrami and Aghayari (2015) assumed that the shear strength of RC deep beams 
strengthened with FRP laminate originated from three components, namely diagonal concrete 
strut, web reinforcement, and FRP layer. Hanoon et al. (2017) proposed a new strut effectiveness 
factor based on STM to assess the ultimate shear strength of RC deep beams strengthened by 
CFRP laminates. In their work, two failure modes, namely diagonal splitting and concrete 
crushing were incorporated into STM. As shown in Figure 8.3, the contribution of CFRP to the 
shear capacity was included in the tensile strength along the direction of principal stress 𝑓1. 
Experimental test results were used to validate the accuracy of the proposed STM. The 
comparison of results indicated that the proposed approach yielded safe and appropriate 
estimations of shear capacity of FRP strengthened RC deep beams. 
 
Figure 8.3 Strut-and-tie model of RC deep beams strengthened with FRP laminates (Hanoon 
et al. 2017). 
 
 Dhahir (2018) conducted analytical work to propose STM to assess the shear strength of 
RC deep beam retrofitted with FRP laminates. A database of 46 deep beams strengthened with 
different amounts of FRP laminates were utilized to evaluate the accuracy of the proposed STM. 
Shear capacity of the beams was also computed using Eurocode 2 (2004) and ACI 440.2R (2008) 
to compare the difference between the existing design provisions and the proposed STM. Based 
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on the results, the proposed STM showed high accuracy in predicting the shear strength, while 
other design provisions yielded very conservative results. 
Although ACI 318 (2019) and AASHTO LRFD (2017) specify that it is permitted to use 
STMs to design discontinuous regions, this type of models has never been used to analyze 
distressed end regions of PPC girders repaired and strengthened by FRP laminate or SMA wires. 
Hence, a STM including damage, repair/strengthening effect from FRP laminates and SMA 
wires needs to be developed to provide a better understanding of the contribution of FRP and 
SMA to the distressed end region. 
 
8.2 DEVELOPMENT OF STRUT-AND-TIE MODEL 
 A strut-and-tie model is proposed in this section to estimate the shear capacity of PPC 
girder with damaged end region repaired with FRP laminates and strengthened with SMA-PPP. 
Figure 8.4 shows an illustration of the proposed STM which includes the following components: 
diagonal compression strut, nodal zone, horizontal tension tie, and vertical tension tie. Figure 
8.4(a) depicts the strut-and-tie model for FRP laminate repair with FRP laminates included in the 
vertical tension tie, while Figure 8.4(b) sketches the strut-and-tie model for SMA strengthening 
with SMA-PPP included in the vertical tension tie. Due to limited work pertinent to the repair of 
end region damage of concrete girder with short shear span, only the test results of full-scale 
girder from this study and the test data from Shaw and Andrawes (2017) that explored the effect 
of FRP laminate repairing damaged end region of small-scale concrete beam were used to 
validate the proposed STM. In terms of SMA strengthening, since there is no experimental data 
on the full-scale girder strengthened with SMA wire, analytical results from FE analysis of two 
AASHTO PPC girders were utilized to prove the accuracy of the proposed STM. The overall 
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shear strength of the girder is dependent on the capacity of each component in STM which is 
explained in the following section. 
  
(a) (b) 
Figure 8.4 Strut-and-tie model: (a) FPR laminate repair; (b) SMA strengthening. 
 
8.2.1 Diagonal compression strut 
 The capacity of the diagonal compression strut was determined as 
 𝐹𝑛𝑠  =  𝜈𝑓′𝑐𝐴𝑠𝑐 (8-1) 
where, 
𝐴𝑠𝑐 = cross-sectional area of the compression strut 
𝐹𝑛𝑠 = nominal strength of diagonal compression strut 
𝑓′𝑐 = compressive strength of concrete 
𝜈 = factor that accounts for the effective compressive strength of concrete 
  
 Table 8.1 presents several studies that proposed methods to calculate the effective 





Table 8.1 Calculation of effective factor from various models 







ACI 318 (2019) 
0.85𝛽𝑠 
where, 𝛽𝑠  =  strut shape factor 
0.75 0.75 
AASHTO LRFD (2017) 
1
0.8 +  170𝜀1
 
where, 𝜀1  =  𝜀𝑠  +  (𝜀𝑠  +  0.002)𝑐𝑜𝑡
2𝜃 
0.7 0.9 
Bergmeister et al. (1993) 0.5 + 
1.25
√𝑓′𝑐
 0.75 1.0 
Foster and Gilbert (1996) 
1
1.14 +  (0.64 +  𝑓′
𝑐
/470)(𝑎/𝑑)2
 1.0 1.0 
Kaufman and Marti (1998) 
1
(0.4  +  30𝜀1)𝑓′𝑐
1/3
 1.0 1.0 
MacGregor (1997) 
𝜈1𝜈2 
where, 𝜈1  = strut shape factor 




0.8, 1.0 1.0 




where, 𝐾𝑐 = 0.35[0.52 + 1.8 × (𝑎/𝑑)
2], 
𝐾𝑓  =  0.1825√𝑓′𝑐 
1.0 1.0 
 
 ACI 318 (2019) specified that ν factor is equal to 0.85𝛽𝑠 where 𝛽𝑠 is associated with the 
shape of the compression strut and equal to 1.0, 0.75 and 0.6 for ideal prismatic strut, bottle-
shaped strut with rebar and bottle-shape without rebar, respectively. AASHTO LRFD (2017) 
states that ν factor is related to 𝜀1 and 𝜀𝑠. 𝜀1 is the principal tensile strain as calculated from the 
equation in the table, while 𝜀𝑠 is the concrete tensile strain in the direction of the tension tie. 
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Bergmeister et al. (1993) suggested that ν factor is only related to the compressive strength of 
concrete. Foster and Gilbert (1996) found that ν factor is affected by both compressive strength 
of concrete and shear span-effective depth ratio (a/d). Kaufman and Marti (1998) included the 
compressive strength of concrete and principal tensile strain 𝜀1 when calculating 𝜈 factor. 
MacGregor (1997) correlated ν factor with both strut shape (𝜈1) and compressive strength of 
concrete. Vecchio and Collins (1993) proposed the ν factor as a function of 𝐾𝑐 and 𝐾𝑓, which 
were related to a/d ratio and 𝑓′𝑐. Since a/d is a critical variable in this study, the 𝜈 factor 
proposed by Foster and Gilbert (1996) was adopted. 
 
8.2.2 Nodal zone 
 As per ACI 318 (2019), the capacity of the nodal zone was determined as 
 𝐹𝑛𝑛  =  0.85𝛽𝑛𝑓′𝑐𝐴𝑛 (8-2) 
where, 
𝐴𝑛 = cross-sectional area of nodal zone face that is perpendicular to the reaction force 
𝐹𝑛𝑛 = nominal strength of the nodal zone 
𝛽𝑛 = factor that accounts for the effective compressive strength of concrete in nodal zone  
  
 The effective compressive strength of a nodal zone is dependent on whether the nodal 
zone is bounded by compression force (C) or tension force (T). If all sides of the nodal zone are 
subjected to compression force (C-C-C), 𝛽𝑛 is 1.0. If there is one tension tie (C-C-T) or two 
tension ties (C-T-T) anchored in the nodal zone, 𝛽𝑛 is 0.8 and 0.6, respectively. It is noted that in 
the three-point bending tests of small-scale PPC beams (Shaw and Andrawes 2017) and full-
scale PPC girders, the nodal zones including the concrete above the bearing (support) plate and 
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under the loading plate didn’t exhibit any damage. Hence 𝐹𝑛𝑛 for these cases did not govern the 
shear capacity. 
 
8.2.3 Horizontal tension tie 
 For PPC girders, the horizontal tension tie represents the longitudinal prestressing 
strands, where the contribution of longitudinal mild steel reinforcement to the shear resistance is 
ignored. The capacity of the horizontal tension tie was calculated as 
 𝐹𝑛ℎ  =  𝑛𝐴𝑝𝑠(𝑓𝑝  −  𝑓𝑝𝑒) (8-3) 
where, 
𝐴𝑝𝑠 = cross-sectional area of a single prestressing strand 
𝐹𝑛ℎ = nominal strength of horizontal tension tie 
𝑓𝑝 = averaged maximum stress within prestressing strands 
𝑓𝑝𝑒 = effective prestressing stress within prestressing strands 
𝑛 = number of prestressing strands 
  
From Shaw and Andrawes’ (2017) work, the prestressing strands didn’t show significant 
slip during the loading of small-scale PPC beams. As a result, it was assumed that the maximum 
stress within strands was the yielding stress which was 1676 MPa and the effective prestressing 
stress was 1000 MPa. As for the full-scale PPC girder tested in this study, the strands showed 
negligible slip during loading and were pulled out right at the failure point of the girder. Jiang 
(2013) found that the required pull-out force to activate the free-end slip was close to the jacking 
force. Therefore, the pull-out stress which was 𝑓𝑝 was selected as its jacking stress, i.e. 1275 
MPa. Considering the full-scale PPC girders have served in the field for over 40 years, its 
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effective prestressing stress was believed to be reduced. Hence, 𝑓𝑝𝑒 was chosen as 896 MPa. For 
SMA strengthening, the prestressing strands were assumed to have no slip during the loading and 
were able to reach the yielding stress of the strands, which was 1676 MPa. 
 
8.2.4 Vertical tension tie 
 For FRP laminate repair, the capacity of the vertical tension tie includes the contribution 
from three parts, namely, tensile strength of web concrete, yield strength of stirrups, and strength 
of FRP laminate. Since mortar repair didn’t recover the shear capacity of both small- and full-
scale beams, it is conservative to ignore the contribution from the mortar. As per Equation 8-4, 
the capacity of the vertical tension tie is computed as 
 𝐹𝑛𝑣  =  𝑓𝑡𝑐𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣  +  𝛽𝑟𝑒𝑡𝑙𝐹𝑅𝑃𝐸𝐹𝑅𝑃𝜀𝐹𝑅𝑃 (8-4) 
where, 
𝐴𝑠𝑣 = total cross-sectional area of vertical stirrups crossing the inclined shear crack 
𝐸𝐹𝑅𝑃 = Young’s modulus of FRP laminate 
𝐹𝑛𝑣 = nominal strength of vertical tension tie 
𝑏𝑤 = width of girder web 
𝑓𝑡𝑐 = tensile strength of concrete 
𝑓𝑦 = yielding strength of vertical stirrups 
𝑙𝑐 = projection of inclined crack along the longitudinal direction of girder 
𝑙𝐹𝑅𝑃 = width of FRP laminate crossed by the inclined shear crack 
𝑡 = thickness of FRP laminate 
𝜀𝐹𝑅𝑃 = effective strain of FRP laminate 




 To calculate the effective strain of FRP laminate, the method proposed in ACI 440.2R 
(2008) was adopted. Equations 8-5 through 8-8 (in mm-N unit) below illustrate the process to 
compute 𝜀𝐹𝑅𝑃. So 𝜀𝐹𝑅𝑃 is given by 
 𝜀𝐹𝑅𝑃 = 
𝑘1𝑘2𝐿𝑒
11900
 ≤ 0.004 (8-5) 
















𝐿𝑒 = active bond length of FRP laminates 
𝑑𝑓𝑣 = effective depth of FRP laminate 
𝑘1 = modification factor applied to account for concrete strength 
𝑘2 = modification factor applied to account for wrapping scheme 
𝑛𝐹𝑅𝑃 = modulus ratio of elasticity between FRP and concrete 
 
 A reduction factor, 𝛽𝑟𝑒 was introduced to consider the impact on the effectiveness of FRP 
laminate from different repair methods adopted in repairing small- and full-scale beams. The 
peak force of STM was assumed to be equal to that of CFRP repair case from both small-scale 
PPC beam (Shaw and Andrawes 2017) and full-scale PPC girder tests to obtain the value of 𝛽𝑟𝑒. 
 For SMA strengthening, the capacity of the vertical tensile tie originates from tensile 
strength of web concrete and yield strength of stirrups. It is worth mentioning that due to the 
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prestressing effect from SMA wire, the initial stress of the web concrete is expected to be in 
compression, which results in the increase of the tensile strength of concrete. Since the PPP has a 
small thickness and the FE analysis of two AASHTO PPC girders strengthened with PPP didn’t 
show much additional increase in SMA stress during loading, the contributions from the tensile 
force of the PPP and SMA wires were neglected. Equation 8-9 is introduced to compute the 
capacity of the vertical tension with SMA-PPP. Hence, the capacity of the vertical tension tie is 
calculated as 
 𝐹𝑛𝑣  =  (|𝑓𝑐_𝑓|  +  |𝑓𝑐_𝑖|)𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣 (8-9) 
where, 
𝑓𝑐_𝑓 = final principal stress of concrete from FE analysis 
𝑓𝑐_𝑖 = initial principal stress of concrete from FE analysis 
 
 𝑓𝑐_𝑓 and 𝑓𝑐_𝑖 are the principal stresses associated with the tensile strength of the concrete 
web and will be discussed in the following section. Eventually, through Equation 8-10 the shear 
capacity from STM is determined as 
 𝑃𝑆𝑇𝑀  = min(𝐹𝑛𝑠𝑠𝑖𝑛𝜃, 𝐹𝑛ℎ𝑡𝑎𝑛𝜃)  + 𝐹𝑛𝑣 (8-10) 
where, 
𝑃𝑆𝑇𝑀 = shear capacity from STM 







8.3 SHEAR PREDICTION: FRP LAMINATE REPAIR 
8.3.1 Examples of STM for FRP laminate repair 
Two examples employing the proposed STM to predict the shear capacity of the as-built 
small-scale PPC girder and the CFRP laminate repaired full-scale PPC girder are presented in 
Appendix B. The results from STM were compared to those from experimental testing to 
evaluate the accuracy of the proposed strut-and-tie model. 
 
8.3.2 Comparison and discussion of experimental and STM results 
 By following the two examples presented in Appendix B, the shear capacities of both 
small-scale and full-scale PPC beams from as-built, damaged, mortar repaired and CFRP 
repaired cases were calculated using the proposed STM. The results are summarized in Table 
8.2. From the table, it is noted that in general, STM yielded satisfactory results by showing a 
difference within 10% as compared to experimental results. For small-scale beams, the shear 
capacities of Control and Damaged cases from STM were 5% lower than those from the test, 
whilst Mortar repair case from STM showed only 4% higher peak force than experimental 
results. However, the results from STM were 11% lower and 10% higher than those from tests 
for Control and Damaged case, respectively in full-scale girder testing. Such differences were 
attributed to the uncertainty of the material properties used in STM including the tensile strength 
of concrete and maximum and effective prestressing stress of strands. Such uncertainty of 
material properties resulted from the unknown loading history and deterioration that the girders 
had experienced during their service life.  
 The value of 𝛽𝑟𝑒 represented the effectiveness of CFRP applied to the damaged end 
region. For small-scale beam, only the web concrete cover was removed, which allowed partial 
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CFRP laminates bonded to the original concrete at bottom flange. Such bonding to the original 
concrete enabled the FRP laminates to develop higher strain during loading and to achieve full 
potential with 𝛽𝑟𝑒 close to 1.0. However, in the case of full-scale girders where the concrete 
cover was removed from web to bottom flange and CFRP laminates were attached atop the 
applied mortar, the response of FRP laminate entirely depended on the behavior of the applied 
mortar. Moreover, the crack observed in Figure 3.14(b) compromised the integrity of the mortar 
layer, therefore, the effectiveness of CFRP laminate was diminished showing 𝛽𝑟𝑒 value of only 
0.26. Based on the different values of 𝛽𝑟𝑒, it seems that using mortar to repair web alone or to 
repair both web and bottom flange of the PPC girder would impact the effectiveness of FRP 
laminate in recovering the shear capacity of the girders with damaged ends. If only the web 
requires repair, 𝛽𝑟𝑒 is not necessarily needed in STM to predict the shear capacity. However, 𝛽𝑟𝑒 
should be considered in STM when both web and bottom flange are repaired. More studies need 
to be conducted to determine a range of 𝛽𝑟𝑒 for different repair cases. 
Table 8.2 Comparison of results between experiments and STM 
Tested girder Experiments Strut-and-tie model Comparison 












Damaged 206 218 0.95 
Mortar repair 230 218 1.06 






Damaged 536 486 1.10 
Mortar repair 496 486 1.02 





8.4 SHEAR PREDICTION: SMA-PPP STRENGTHENING 
 Due to the lack of experimental data of full-scale girder strengthened by the proposed 
SMA-PPP, two prestressed concrete girders representing two different types of AASHTO PPC 
girders were numerically analyzed to explore the strengthening effect from PPP. The numerical 
results were employed to compare with those from STM to prove the feasibility of the proposed 
STM to predict the shear capacity of concrete girder strengthened by SMA-PPP. The details of 
the FE models, the results from FE analysis and the examples of using STM to analyze the girder 
are discussed in the following sections. 
 
8.4.1 Description of FE models of AASHTO Type II and V PPC girders 
 The AASHTO Type II girder used in this study shared the same cross-section and 
internal reinforcements as the one used in Chapter 3. For AASHTO Type V girder, the details of 
the cross section are illustrated in Figure 8.5. To provide a same comparison basis for both 
girders, the values of the design parameters including volume ratio of prestressing strands, shear 
reinforcement, material properties, effective prestressing stress, and shear span-depth ratio (a/d), 








Figure 8.5 AASHTO Type V PPC girder: (a) cross-section dimension; (b) reinforcement 
details; (c) elevation view. 
 
 Although in Chapter 6 steel anchor connection was adopted for the FE analysis, it was 
found that a hybrid connection using both steel anchors and epoxy adhesive could provide 
satisfying results and reduce labor cost at the same time. Therefore, a hybrid connection was 
adopted to install the SMA-PPP to both Type II and Type V PPC girders in the analysis. Steel 
anchors were placed at the locations that are susceptible to severe debonding between mortar 
plate and concrete web. The same manner of assembling each individual part into a complete FE 
model was applied with two exceptions: 1) the bearing plate was placed at the edge of the girder 
to represent the most common loading situation. In the full-scale girder testing, the bearing plate 
was placed 152 mm away from the edge of the girder to avoid the loose concrete. 2) the camber 
caused by the prestressing of the girder was not eliminated. Camber was removed in the FE 
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analysis in Chapter 4 and 6 to account for the long service life of the tested girder, whereas in 
this chapter the ideal loading situation was simulated, therefore, the camber was not removed. 
Figure 8.6 illustrates the assembled models for Type II and Type V girders. 
  
(a) (b) 
Figure 8.6 Assembled FE models: (a) AASHTO Type II PPC girder; (b) AASHTO Type V 
PPC girder. 
 
8.4.2 FE results of PPC girders strengthened by SMA-PPP 
 The volume ratio of SMA wire was increased from 0.10% until overall debonding 
between the mortar plate and the concrete web was observed. The analysis was terminated when 
the stress within prestressing strands reached the yielding stress which was 1676 MPa. Figure 8.7 







Figure 8.7 Force-deflection curves: (a) AASHTO Type II PPC girder; (b) AASHTO Type V 
PPC girder. 
 
 All the force-deflection curves shared a similar pattern, as a result, only three cases, 
Control, SMA-0.20%, and SMA-0.40% are shown in Figure 8.7. From Table 8.3, a same trend 
was shared by both types of girders, where the peak force increased along with the increase of 
the amount of SMA used. For AASHTO Type II PPC girder, the improvement in the peak force 
was from 10.7% to 24.4% when the volume ratio of SMA was increased from 0.10% to 0.40%. 
For AASHTO Type V PPC girder, as 𝜌𝑆𝑀𝐴 varied from 0.10% to 0.45%, the peak force of the 
girder was gradually increased from 2223 kN to 2662 kN.   
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Table 8.3 FE results of SMA-PPP strengthening 
Girder type Peak force (kN) Increase 
   
AASHTO Type II PPC girder 
Control 853 - 
𝜌𝑆𝑀𝐴 = 0.10% 944 10.7% 
𝜌𝑆𝑀𝐴 = 0.15% 961 12.7% 
𝜌𝑆𝑀𝐴 = 0.20% 984 15.4% 
𝜌𝑆𝑀𝐴 = 0.25% 1007 18.2% 
𝜌𝑆𝑀𝐴 = 0.30% 1027 20.4% 
𝜌𝑆𝑀𝐴 = 0.35% 1045 22.6% 
𝜌𝑆𝑀𝐴 = 0.40% 1061 24.4% 
   
AASHTO Type V PPC girder 
Control 1983 - 
𝜌𝑆𝑀𝐴 = 0.10% 2223 12.1% 
𝜌𝑆𝑀𝐴 = 0.15% 2317 16.8% 
𝜌𝑆𝑀𝐴 = 0.20% 2409 21.5% 
𝜌𝑆𝑀𝐴 = 0.25% 2488 25.5% 
𝜌𝑆𝑀𝐴 = 0.30% 2548 28.5% 
𝜌𝑆𝑀𝐴 = 0.35% 2604 31.2% 
𝜌𝑆𝑀𝐴 = 0.40% 2645 33.3% 
𝜌𝑆𝑀𝐴 = 0.45% 2662 34.2% 
 
 Figure 8.8 displays the stress distribution of the concrete web in AASHTO Type V PPC 
girder. The initial stage was defined when the SMA was activated and the vertical loading was 
not applied, while the final stage was at the end of loading. It is shown in the figure that due to 
the recovery stress induced in SMA wire, the concrete web was prestressed before the external 
loading was applied. This initial compressive stress in the concrete (see Figure 8.8(a)) was 
oriented approximately perpendicular to the crack as shown in Figure 8.8(b) and contributed to 
enhancing the cracking resistance of concrete, which eventually led to the improvement in the 
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shear capacity of the girder. The averaged principal tensile stresses within the concrete web of 
other cases with various 𝜌𝑆𝑀𝐴  at initial and final stages were output and plotted against the 
volume ratio of SMA as shown in Figure 8.9. The stress state of the concrete web was utilized to 
calculate the tensile strength of the concrete which would contribute to the capacity of the 
vertical ties in the strut-and-tie model. 
  
(a) (b) 
Figure 8.8 Stress distribution in the concrete web of AASHTO Type V PPC girder (𝜌𝑆𝑀𝐴 = 
0.10%): (a) initial stage; (b) final stage. 
 
 From Figure 8.9 it is observed that for both girders, the initial principal stress was in 
compression owing to the prestressing effect of SMA and was oriented in the direction as 
indicated in Figure 8.8(a). The final stress (𝑓𝑐_𝑓) was the maximum tensile strength of concrete 
indicating the cracking of the concrete web. The initial stress exhibited a linear relationship with 
the increase of the volume ratio of SMA, which was expected because the compressive stress 
induced by the prestressing of SMA was within the elastic range of the concrete. Through 
regression analysis (see Figure 8.10), Equation 8-11 and Equation 8-12 were obtained to 
calculate the corresponding initial stress in the concrete web of Type II and Type V girders. So 
𝑓𝑐_𝑖 is expressed by 
 AASHTO Type II PPC girder: 𝑓𝑐_𝑖  =  −5.407 × 𝜌𝑆𝑀𝐴  +  0.02750 (8-11) 










Figure 8.9 Principal stress within concrete web: (a) AASHTO Type II PPC girder; (b) 








8.4.3 Examples of STM for shear strengthening using SMA-PPP 
Two examples utilizing the proposed strut-and-tie model to predict the shear capacity of 
AASHTO Type II and Type V PPC girders are presented in Appendix B, sections B.3 and B.4., 
respectively. The results from the strut-and-tie model were compared to those from FE analysis 
to evaluate the accuracy of the proposed model. 
 
8.4.4 Comparison and discussion of numerical and STM results 
 Table 8.4 presents a comparison of peak force between FE analysis and STM. It is noted 
that the proposed STM could predict the shear capacity of AASHTO Type V PPC girders 
strengthened with SMA-PPP, showing differences within 7% between analytical results and FE 
analysis. For AASHTO Type V PPC girder, peak forces calculated using STM exhibited 
reasonable match with the ones from FE analysis where differences between both were within 
8%. The close match between results from FE analysis and STM proved that the proposed STM 
could be applied to predict the capacity of prestressed concrete girders strengthened by SMA-
PPP with reasonable accuracy. It is worth mentioning that only two types of prestressed girders 
were explored in this work and experimental testing is needed to further validate the feasibility 









Table 8.4 Comparison of results between FE analysis and STM 
Girder type 
Peak force (kN) 
𝑷𝑭𝑬/𝑷𝑺𝑻𝑴 
FE analysis STM 
    
AASHTO Type II PPC girder    
Control 853 831 1.03 
𝜌𝑆𝑀𝐴 = 0.10% 944 884 1.07 
𝜌𝑆𝑀𝐴 = 0.15% 961 913 1.05 
𝜌𝑆𝑀𝐴 = 0.20% 984 941 1.05 
𝜌𝑆𝑀𝐴 = 0.25% 1007 970 1.04 
𝜌𝑆𝑀𝐴 = 0.30% 1027 997 1.03 
𝜌𝑆𝑀𝐴 = 0.35% 1045 1025 1.02 
𝜌𝑆𝑀𝐴 = 0.40% 1061 1054 1.01 
    
AASHTO Type V PPC girder    
Control 1983 2164 0.92 
𝜌𝑆𝑀𝐴 = 0.10% 2223 2302 0.97 
𝜌𝑆𝑀𝐴 = 0.15% 2317 2369 0.98 
𝜌𝑆𝑀𝐴 = 0.20% 2409 2436 0.99 
𝜌𝑆𝑀𝐴 = 0.25% 2488 2503 0.99 
𝜌𝑆𝑀𝐴 = 0.30% 2548 2569 0.99 
𝜌𝑆𝑀𝐴 = 0.35% 2604 2637 0.99 
𝜌𝑆𝑀𝐴 = 0.40% 2645 2703 0.98 
𝜌𝑆𝑀𝐴 = 0.45% 2662 2770 0.96 
 
8.5 SUMMARY 
 Due to the discontinuity in end regions of PPC girders, conventional beam theory is no 
longer applicable to analyze the shear strength of these girders, and STM is used instead. In this 
chapter, STM was proposed for analyzing the end regions while capturing the repair and 
strengthening effect from FRP laminates and SMA-PPP. A reduction factor (𝛽𝑟𝑒) was introduced 
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to account for different FRP repair methods for the beams and strengthening effect from SMA-
PPP was represented by the compressive stress (prestress) applied to the concrete web. 
Contributions from FRP laminate and SMA-PPP were included in vertical tension ties of STM. 
Experimental results of small- and full-scale PPC beam tests, as well as the numerical results 
from two AASHTO PPC girders, were used to validate the accuracy of the proposed STM. The 
close match between results indicated that the proposed STM was able to accurately predict the 



















CHAPTER 9: SUMMARY AND CONCLUSIONS 
 
9.1 SUMMARY 
 Local damages in bridge components can jeopardize the load-carrying capacity and 
ductility of bridges. Nearly 10% of the bridges in the United States are diagnosed as structurally 
deficient. This research focused on investigating new repair/strengthening mechanisms for local 
damages in PPC bridge girders using two novel materials, fiber-reinforced polymer composites 
(FRPs) and shape memory alloys (SMAs). The objectives of this work were: 1) understand the 
impact of using FRP laminates as repair method for damaged end regions of PPC girders; 2) 
explore the efficacy of using SMA-precast prestressing plate (SMA-PPP) as a retrofit/repair 
measure through experimental and numerical parametric studies; 3) investigate the durability of 
NiTiNb SMA reinforcement under harsh environmental conditions; 4) develop a strut-and-tie 
model (STM) to predict the shear capacity of concrete girders repaired/strengthened using FRP 
laminate and SMA wires. To achieve these objectives, the following six tasks were carried out:  
 Task 1: Perform three-point flexural testing on two AASHTO Type II PPC girders 
extracted from the field. The girders were tested in the as-built and damaged-then-repaired 
conditions. The purpose of the tests was to determine whether the use of mortar only to repair the 
girders is sufficient to restore the capacity of damaged girders or applying FRP laminates is 
necessary. 
 Task 2: FE analysis was performed on a full-scale PPC girder to evaluate the 
effectiveness of FRP laminate to repair PPC girder with end region damage. The experimental 
test results of the full-scale PPC girder were employed to validate the FE model, followed by 
performing a parametric study to investigate the effect from various parameters such as the 
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thickness of FRP laminate, number of vertical FRP panels, anchor length and width of the 
longitudinal strips.  
 Task 3: An innovative technique to apply prestressing using a precast prestressing plate 
(PPP) with curved SMA wire embedded inside was proposed. A total of four specimens were 
tested to prove the feasibility of the proposed prestressing technique and to investigate the 
effectiveness of different connection methods to install the PPP. The performance of mortar 
under high temperature was also studied to explore the effect of SMA heating on the 
compressive strength of PPP. 
 Task 4: FE analysis was performed to investigate the practical applications of PPP in 
bridge girders. A parametric study was conducted on full-scale PPC girders to study the effect of 
several variables on the performance of PPP in enhancing both shear and flexural capacity of 
concrete bridge girders. The studied variables included volumetric ratio, inclination angle and 
length of SMA reinforcement. 
 Task 5: The corrosion resistance of NiTiNb SMA was experimentally investigated. An 
accelerated aging protocol composed of wet-dry cycles was introduced to subject the specimens 
to a corrosive condition. In order to evaluate the performance of NiTiNb after being subjected to 
aging cycles, electrochemical, mechanical and microscopical tests were conducted on the non-
prestressed and prestressed NiTiNb specimens. 
 Task 6: A strut-and-tie model was proposed to estimate the shear capacity of bridge 
girder repaired with FRP laminate or strengthened with SMA. The accuracy of the proposed 
STM was validated using the test results of small- and full-scale PPC girders and the numerical 
analysis of two AASHTO PPC girders. Examples were developed to demonstrate the process of 





The major contributions of this work include:  
1) Addressing the knowledge gap related to the very limited work that focused on 
studying the repair of bridge girders with distressed end regions. This work explored 
experimentally the application of FRP laminate repairs to address this problem proving its 
efficacy. Furthermore, a design methodology was proposed for practitioners to design the FRP 
repair system for end region damages;  
2) Proposing PPP as a new technology for applying external local prestressing without 
relying on excessive hardware. This novel technicuqe can deliver easy and practical solutions for 
many of the existing repair/strengthening problems in bridges. 
3) Providing unprecedented information on the critical issue of SMA’s drurability and 
aging. A thorough study was conducted on the mechanical properties of NiTiNb SMA after 
corrosion, evidently proving its functionality under harsh conditions. 
The primary outcomes of this research can be summarized as: 1) mortar repair alone is 
not sufficient to restore the shear capacity of the bridge girder with end region damage, while 
FRP laminate repair could fully recover the load-carrying capacity of the girder; 2) the proposed 
technique using PPP was experimentally proved to be successfully able to apply prestressing to 
local regions; 3) girders strengthened with PPP exhibited significant improvement in both shear 
and flexure capacities; 4) NiTiNb exhibited excellent corrosion resistance by maintaining stable 
recovery stress under corrosive environment and showing fairly high peak stress and ductility 
after aging cycles; 5) the proposed strut-and-tie model was capable of predicting the shear 
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capacity of the bridge girder repaired with FRP laminates or strengthened with PPP. A more 
detailed description of the conclusions of this work is presented in subsequent sections.  
 
9.2.1 Flexural tests of full-scale girders 
 Based on the experimental results of the full-scale girder testing, the following 
conclusions are drawn: 
• Mortar repair alone is not sufficient to recover the capacity and ductility of girders with 
damaged end regions. The weak bond between mortar and base concrete and cracks 
developed above bearing plates diminished the effect of mortar repair. 
• Externally bonded CFRP shear reinforcement on the sides of the girder is effective in 
repairing full-scale PPC girders by recovering, or even exceeding, the shear capacity and 
ductility of the undamaged girders. The method presented in Chapter 3 based on 
calculating the shear loss is recommended for the design of the FRP laminates. 
• Longitudinal FRP anchors proved to be effective in preventing the overall debonding of 
FPR laminates and is suitable for the thickness of FRP laminates between 1 mm to 2 mm. 
If a larger thickness of FRP laminates is used, the use of longitudinal strips might not be 
as sufficient. In such case, a mechanical anchorage system (e.g. fasteners) is 
recommended. 
• The anchorage system should be applied at a minimum to the top and bottom ends of the 
laminates as well as at the bottom of the girder’s web. At girder ends, the longitudinal 
strips could be either wrapped around the end when sufficient space is available or 
terminated at the end when space is limited. 
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• If mortar/grout is used to restore the shape of the girder prior to applying the FRP, it is 
recommended to terminate the mortar few millimeters above the bearing plate to avoid 
early cracking of the mortar. 
 
9.2.2 Finite element analysis of girder repaired using FRP laminates 
 Based on the parametric study performed on the PPC girders repaired with FRP 
laminates, the following conclusions are summarized:  
• Compared to the Control case, peak force of the girder was increased by 8.2% and 13.1% 
when one layer and two layers of FRP laminates were used, respectively, and the 
improvement in ductility was 45.1% and 7%, respectively. Doubling the thickness of 
FRP laminate would continue increasing the girder’s load-carrying capacity, however, the 
ductility was not further improved. 
• For the same amount of FRP material used, different layouts of the FRP panels would 
significantly affect the behavior of the girder. The peak force and ductility of the girder 
were reduced by 16.6% and 69%, respectively when two FRP panels were used versus 
four panels. The poor behavior of the girder under such case was a result of the early 
debonding of the longitudinal strips. Hence, it is recommended that the longitudinal strips 
should be placed outside the shear span. 
• The existence of the longitudinal strips would enhance the shear behavior of the concrete 
girder in both peak force and ductility. The optimal anchor length of the longitudinal strip 
was between 152 mm to 228 mm. The longitudinal strip with larger width was able to 
constrain the shear stress within a localized region to prevent overall debonding of the 
FRP laminate, which exerted a beneficial influence on the FRP repair scheme.  
211 
 
• Bridge girders with severe end region damages including both cover spalling and stirrups 
corrosion could still be rehabilitated by the FRP laminate repair.  
• The optimal repair design for AASHTO Type II PPC girders was to use FRP laminates 
with a thickness of 1.24 mm and longitudinal FRP strips with a width between 76.2 mm 
and 127 mm and an anchor length between 152 mm to 228 mm. 
 
9.2.3 Prestressing technique using SMA-PPP 
 An innovative technique for applying local prestressing using a precast prestressing plate 
(PPP) with SMA wire was proposed. Based on both experimental and analytical results, the 
following conclusions could be drawn: 
• Both DIC and strain gauge readings indicated the effectiveness of using curved SMA 
reinforcement to apply prestressing in the POC specimen. The results of the DIC and 
strain gauge were in good agreement.  
• All three techniques used to install prestressing plate to existing concrete, namely steel 
anchors, epoxy adhesive, and anchors + epoxy (hybrid) showed the ability to transfer 
stress from the prestressing plate to the concrete. The presence of epoxy adhesive helped 
in providing more uniform distribution of the transferred stress. 
• FE analysis indicated that more uniform prestressing stress is achieved with longer SMA 
wire used. For the same volume ratio of SMA, smaller spacing between SMA wire would 
result in higher prestressing force due to stress overlapping effect. In practical 
applications, spacing and length of SMA wire could be changed based on the desired 
performance and prestressing level 
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• The results from SMA heating using propane torch showed only 10.5% reduction on 
average in compressive strength for the specimens without rehydration. Delaying the 
heating process to allow mortar to develop more strength before heating would yield high 
residual strength. Specimens that were rehydrated recovered 85.5% of compressive 
strength on average as compared to the specimens without rehydration, showing that 
rehydration could be used to compensate the water loss caused by SMA heating. 
 
9.2.4 Finite element analysis of PPP 
 FE analysis was performed to investigate the applications of PPP on shear strengthening 
and flexural repair. The following are the main findings of the study: 
• For shear strengthening, the girder strengthened with SMA-PPP exhibited up to 61% and 
39.8% improvement in shear capacity and secant stiffness, respectively. Since the amount 
of SMA used as well as the inclination angle of SMA wire would affect the performance 
of the PPP, they should be selected based on the target performance to achieve an 
economical and satisfying retrofit. 
• For flexural strengthening, the full recovery of peak force and stiffness of damaged girder 
clearly proved the effectiveness of SMA-PPP in repairing damages where internal 
prestressing strands are severed. To achieve optimal repair effect, the length of the PPP 
should be at least as long as the damaged region. 
• Compared to the non-prestressing FRP technique, the proposed SMA-PPP technique 
showed better performance in both shear and flexural repairs. Therefore, SMA-PPP could 




9.2.5 Long-term behavior of NiTiNb SMA under harsh corrosive environment 
 Based on the results of the experiments conducted to explore the corrosion resistance of 
NiTiNb under harsh conditions, the following conclusions could be drawn: 
• NiTiNb exhibited significantly better corrosion resistance than carbon steel, as 
demonstrated by the much higher corrosion potential value of carbon steel. Further, the 
surface condition of NiTiNb specimens before and after corrosion tests remained almost 
the same, whereas the steel specimens showed severe deterioration. 
• Test results for both prestressed and non-prestressed NiTiNb specimens indicated that 
corrosive conditions have almost no impact on thermally induced recovery stress 
(prestress). 
• SEM images and EDS analysis showed that the corrosion resistance of NiTiNb is highly 
impacted by the quality of the passive film formed on its surface during manufacturing. 
The presence of defects in the passive film (e.g. pores) resulted in large variations in the 
ultimate strain values of corroded specimens. 
• Subjecting NiTiNb specimens with no surface treatment to a corrosive environment had a 
relatively minor impact on the ultimate strength of the non-prestressed specimens (2.8% 
reduction on average); it had more impact on ultimate strain (26.4% reduction on 
average). 
• Treating the surface of NiTiNb with either epoxy coating or chemical passivation proved 
to be effective in mitigating the impact of passive film imperfections and improving the 





9.2.6 Development of strut-and-tie model for end region repairs 
 A strut-and-tie model (STM) was proposed to analyze the shear performance of concrete 
girders retrofitted/repaired using FRP and SMA. Based on the analytical outcome obtained 
during the development of the STM, the following conclusions could be drawn: 
• The proposed STM was able to estimate the capacity of the Control, Damage and Mortar 
repair cases with less than 10% difference compared to experimental test results.  
• The reduction factor 𝛽𝑟𝑒 was able to account for the relatively weak bond between 
applied mortar and base concrete. This factor can be ignored if the concrete cover is only 
removed from the web.  More experimental tests are needed to determine the value of 𝛽𝑟𝑒 
in various repair schemes. 
• The STM results used to estimate the capacity of girders strengthened with SMA-PPP 
were close to that of the FE analysis. Hence, the proposed STM is effective in predicting 
the capacity of girders repaired/strengthened with SMA-PPP. 
 
9.3 FUTURE RESEARCH 
In this research two innovative materials, i.e. FRP and SMA were adopted to repair the 
end region damage and restore the shear capacity of PPC bridge girders. Both externally bonded 
FRP laminates and precast prestressing plate reinforced with SMA wire were experimentally and 
numerically proved to be effective in repairing and retrofitting the local damaged regions of 
bridge girders. In order to refine the findings and conclusions drawn from this research, the 
following are still needed: 
• This study presented PPP as a potential external prestressing method that can deliver 
solutions for some of the problems and shortcomings that are often encountered when 
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using conventional external prestressing techniques (e.g. external post-tensioning). Future 
research is still needed to explore the design and long-term behavior of this new 
technique and its efficacy under various loading and environmental conditions. 
• It should be noted that the work focusing on FRP repairing and SMA retrofitting short 
shear span of concrete girders is significantly limited. Hence, more experimental testing 
should be conducted in this area to collect more data to refine the proposed STM so that 
it could be used in the analysis of repaired/strengthened bridge girders. 
• The superb corrosion resistance is crucial for the successful application of NiTiNb SMA 
as a novel prestressing reinforcing material for concrete structures. However, 
generalizing this conclusion will require more studies on NiTiNb wires with larger 
numbers of samples and different heat treatments, chemical compositions, and wire sizes. 
Moreover, to better understand how the corrosive environment, stress condition, and 
surface treatment influence the corrosion rate of NiTiNb, potentiodynamic polarization 
tests should be performed on the specimens. 
• It is noteworthy that in the study of SMA heating only one type of mortar and one heating 
method were studied. To thoroughly investigate the effect on the mortar material from 
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APPENDIX A: FRP LAMINATE REPAIR DESIGN EXAMPLES 
 
 Appendix A includes two design examples of FRP laminate repair to demonstrate the 
design methodology proposed in Chapter 3. The purpose of the methodology was to design the 
FRP system to restore the lost shear capacity due to the end region damage of PPC girders. The 
small-scale PPC beams tested by Shaw and Andrawes (2017) and the full-scale PPC girders 
tested in this study were utilized in the examples.   
 
A.1 DESIGN EXAMPLE USING SMALL-SCALE BEAMS 
 The cover of the small-scale beams tested by Shaw and Andrawes (2017) is 12.7 mm in 
thickness and the concrete compressive strength is 49.4 MPa. The length of shear span 𝐿𝑠 is 508 
mm and the height (𝑑) and thickness (𝑏𝑤) of the web is 190 mm and 76.2 mm, respectively. The 
total area of prestressing strands (𝑛𝐴𝑝𝑠) is 296.1 mm
2. The area of mild steel bars (𝐴𝑠) is 189.7 
mm2. The effective shear depth (𝑑𝑣) was calculated as 377 mm. Factor 𝑓𝑝0 is taken as 0.7𝑓𝑝𝑢 
which is 1303 MPa. The Young’s moduli of mild steel and prestressing strand are 200 GPa and 
196 GPa, respectively. The FRP design process can be summarized in the following steps: 
Step 1: calculate the tensile force loss (∆𝐹) as 
 ∆𝐹 = 𝑓𝑟 × 𝑙𝑐 × 𝑐 = 
7.5√7160
1000
× 7.5 × 0.5 = 2.4 kips = 10.7 kN  
Step 2: compute the average longitudinal tensile strain (𝜀𝑥) in the web. 𝑀𝑢 and 𝑉𝑢 of the small-
scale beams were calculated as 205.9 kN-m and 94.3 kN, respectively. Through iterations using 
AASHTO LRFD (2017) Table B5.2-1, 𝜃 and 𝛽 were computed as 36.4 and 2.23, respectively. 












 +  0.5×21.2×𝑐𝑜𝑡36.4° − 0.459×189
2×(29000×0.294 + 28700×0.459)
 = 0.001164 
Step 3: plug 𝜀𝑥 into Equation 3-3 and solve for principal tensile strain (𝜀1), 𝜀1 = 0.00374. 







 = 0.0005 
Step 5: choose FRP material and compute the number of FRP layers. CFRP laminate is selected 
as repair material with Young’s modulus 𝐸𝐶𝐹𝑅𝑃 equal to 89.6 GPa. Therefore, the required 







 = 0.019 in. = 0.483 mm 
Hence, number of CFRP layers can be selected based on the thickness per layer to satisfy the 
required total thickness of 0.483mm. 
 
A.2 DESIGN EXAMPLE USING FULL-SCALE GIRDERS 
 Full-scale girders tested in this study are used as another design example following the 
proposed design method. The cover of the full-scale girder is 31.75 mm in thickness and the 
concrete compressive strength is 60.3 MPa. The length of shear span 𝐿 equals to 1079 mm and 
the height (𝑑) and thickness (𝑏𝑤) of the web is 431.8 mm and 152.4 mm, respectively. The total 
area of prestressing strands (𝑛𝐴𝑝𝑠) is 592.3 mm
2. The effective shear depth (𝑑𝑣) is calculated as 
830 mm. Factor 𝑓𝑝0 could be taken as 0.7𝑓𝑝𝑢 which is 1303 MPa. The Young’s moduli of mild 
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steel and prestressing strand are 200 GPa and 186 GPa, respectively. The following are the steps 
for designing the FRP laminates: 
Step 1: calculate the tensile force loss (∆𝐹) as 
∆𝐹 = 𝑓𝑟 × 𝑙𝑐 × 𝑐 = 
7.5√8750
1000
× 17 × 1.25 = 14.9 kips = 66.3 kN 
Step 2: compute average longitudinal tensile strain (𝜀𝑥) in the web. 𝑀𝑢 and 𝑉𝑢 of the full-scale 
girders were calculated as 797.4 kN-m and 378.1 kN, respectively. Through iterations using 
AASHTO LRFD (2017) Table B5.2-1, 𝜃 and 𝛽 were computed as 36.4 and 2.23, respectively. 











 +  0.5×85.0×𝑐𝑜𝑡36.4° − 0.918×189
2×(27000×0.918)
 = 0.002015 
Step 3: plug 𝜀𝑥 into Equation 3-3 and solve for principal tensile strain (𝜀1), 𝜀1 = 0.00614. 







 = 0.00082 
Step 5: choose FRP material and compute the number of FRP layers. CFRP laminate is selected 
as repair material with the Young’s modulus 𝐸𝐶𝐹𝑅𝑃 is 89.6 GPa. Therefore, the required 







 = 0.033 in. = 0.838 mm 
Hence, number of CFRP layers can be selected based on the thickness per layer to satisfy the 
required total thickness of 0.838mm. 
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APPENDIX B: EXAMPLES ON SHEAR PREDICTION USING PROPOSED STM 
 
 This appendix includes examples to illustrate the process of using the proposed STM to 
assess the shear strength of concrete girder repaired and strengthened with FRP laminate and 
SMA-PPP, respectively. For FRP laminate repair, the as-built small-scale PPC beam from Shaw 
and Andrawes (2017) and the CFRP repaired full-scale PPC girder tested in Chapter 4 were used 
for demonstration. For SMA strengthening, one case of AASHTO Type II girder with 𝜌𝑆𝑀𝐴 
equal to 0.25% and one case of AASHTO Type V girder with 𝜌𝑆𝑀𝐴 equal to 0.30% were 
selected. Results from STM were compared to those from experimental testing. 
 
B.1 SHEAR PREDICTION OF AS-BUILT SMALL-SCALE PPC GIRDER 
 The cross-section and internal reinforcement details of small-scale PPC girder (Shaw and 
Andrawes 2017) are illustrated in Figure B.1(a). Based on the geometry of the small-scale PPC 
girder, the strut-and-tie model of the small-scale PPC girder is depicted in Figure B.1(b). The 
compressive strength of control small-scale beam was 49 MPa and the yielding strength of the 
vertical stirrups was 414 MPa. The shear span-effective depth ratio (a/d) was 1.29 for all the 





Figure B.1 Strut-and-tie model of small-scale PPC girder: (a) cross-section; (b) layout of 
STM. 
 
 Step 1: determine the capacity of the diagonal compression strut using Equation 8-1. As 
shown in Figure B.2, the width and depth of the compression strut was 171 mm and 76.2 mm. 
From Table 8.1, the effective factor ν from Foster and Gilbert (1996) was calculated as 
 𝜈 = 
1




1.14 + (0.64 + 49/470)(1.29)2
 = 0.42 
 So, the capacity of the diagonal compression strut was computed as 
 𝐹𝑛𝑠  =  𝜈𝑓′𝑐𝐴𝑠𝑐 = 0.42 × 49 × 171 × 76.2 = 268.2 kN 
 Step 2: determine the capacity of the nodal zone using Equation 8-2. From Figure B.1(b) 
it is shown that there were two nodal zones where concentrated force was applied. One was at 
the loading point located at the top of the beam, while the other was at the bearing plate located 
at the support. The top nodal zone was subjected to compression force at all side, therefore was 
categorized as C-C-C case. The bottom nodal zone was under compression force at its bottom 
and inclined surface and tension force at its vertical surface. Therefore, the bottom nodal zone 
was the critical zone for being C-C-T case. The layout of the bottom nodal zone is depicted in 
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Figure B.2. The width of the bottom nodal zone was the width of the bottom flange at a height 
equal to 102 mm, i.e. 178 mm. Hence, the capacity of the nodal zone was computed as 
 𝐹𝑛𝑛  =  0.85𝛽𝑛𝑓′𝑐𝐴𝑛 = 0.85 × 0.8 × 49 × 102 × 178 = 605 kN 
 It is noted that the strength of the nodal zone (𝐹𝑛𝑛) is significantly higher than that of the 
diagonal strut (𝐹𝑛𝑠) indicating that 𝐹𝑛𝑛 will not govern the shear capacity of the small-scale 
beam. 
 
Figure B.2 Details of nodal zone of small-scale PPC beam. 
 
 Step 3: determine the capacity of the horizontal tension tie using Equation 8-3. A total of 
three prestressing strands with cross-sectional area of each strand equal to 98.7 mm2 were placed 
in the small-scale beam. As mentioned earlier, the effective prestressing stress and average 
maximum stress within the strands were 1000 MPa and 1676 MPa, respectively. So, the capacity 
of the horizontal tension tie was calculated as 
 𝐹𝑛ℎ  =  𝑛𝐴𝑝𝑠(𝑓𝑝  −  𝑓𝑝𝑒) = 3 × 98.7 × (1676 −  1000) = 200.2 kN 
 Step 4: determine the capacity of the vertical tension tie using Equation 8-4. For 
undamaged small-scale PPC beam, the load-carrying ability stemmed from the tensile strength of 
concrete web and the yielding strength of the vertical stirrups. The tensile strength of the 
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concrete was assumed to be the rupture modulus of the concrete (𝑓𝑟), i.e. 0.622√𝑓′𝑐 or 4.34 MPa. 
From the test results of the small-scale beam, the projection of the inclined crack along the 
longitudinal direction of the beam was 381 mm. Three pairs of vertical stirrups crossed by the 
shear crack were assumed to have yielded, reaching the yielding strength of 414 MPa. The 
section area of each pair of stirrups was 28.4 mm2. Therefore, the capacity of the vertical tension 
tie was computed as 
 𝐹𝑛𝑣  =  𝑓𝑡𝑐𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣  +  𝛽𝑟𝑒𝑡𝑙𝐹𝑅𝑃𝐸𝐹𝑅𝑃𝜀𝐹𝑅𝑃 = 4.34 × 381 × 76.2 +  414 × 3 × 28.4  
 = 126.0 + 35.3 = 161.3 kN 
 Step 5: determine the shear capacity of the as-built small-scale PPC beam using Equation 
8-10. The inclination angle between the diagonal strut and the longitudinal direction was found 
to be 34°. As a result, the shear capacity of the small-scale beam was computed as 
 𝑃𝑆𝑇𝑀  = min(𝐹𝑛𝑠𝑠𝑖𝑛𝜃, 𝐹𝑛ℎ𝑡𝑎𝑛𝜃)  + 𝐹𝑛𝑣 = min(268.2𝑠𝑖𝑛34°, 200.2𝑡𝑎𝑛34°)  +  161.3  
 = 135.0 + 161.3 = 296.3 kN 
 The peak force from the small-scale beam testing for control beam was 282.9 kN. Hence, 
the ratio between test result and STM analysis (𝑃𝑡𝑒𝑠𝑡/𝑃𝑆𝑇𝑀) was 0.95. 
 
B.2 SHEAR PREDICTION OF CFRP REPAIRED FULL-SCALE PPC GIRDER 
 The cross-section and internal reinforcement details of the CFRP repaired full-scale PPC 
girder are illustrated in Figure B.3(a). Based on the geometry of the full-scale PPC girder, the 
strut-and-tie model of the full-scale PPC girder is depicted in Figure B.3(b). The concrete had a 
compressive strength of 60 MPa and a Young’s modulus of 36.8 GPa. The vertical stirrups had a 
yielding strength of 276 MPa. The shear span-effective depth ratio (a/d) was 1.25 for all the full-





Figure B.3 Strut-and-tie model of full-scale PPC girder: (a) cross-section; (b) layout of STM. 
 
 Step 1: determine the capacity of the diagonal compression strut using Equation 8-1. 
Figure B.4 shows the dimensions for the bottom nodal zone and compression strut. From the 
figure, it is shown that the depth of the compression strut was 279 mm. The effective factor ν 
from Foster and Gilbert (1996) was calculated as 
 𝜈 = 
1




1.14 + (0.64 + 60/470)(1.25)2
 = 0.43 
Considering the width of the compression strut equal to the width of the web, i.e. 88.9 
mm, the capacity of the diagonal compression strut was computed as 
 𝐹𝑛𝑠  =  𝜈𝑓′𝑐𝐴𝑠𝑐 = 0.43 × 60 × 279 × 88.9 = 639.9 kN 
 Step 2: determine the capacity of the nodal zone using Equation 8-2. Similar to small-
scale beam, the bottom nodal zone was more critical than the top nodal zone and was selected to 
calculate the capacity of the nodal zone. The width of the bottom nodal zone was the width of the 
bottom flange at a height equal to 102 mm, i.e. 457 mm. Hence, the capacity of the nodal zone 
was computed as 
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 𝐹𝑛𝑛  =  0.85𝛽𝑛𝑓′𝑐𝐴𝑛 = 0.85 × 0.8 × 60 × 102 × 394 = 1640 kN 
 It is noted that the strength of the nodal zone (𝐹𝑛𝑛) is significantly higher than that of the 
diagonal strut (𝐹𝑛𝑠) indicating that 𝐹𝑛𝑛 will not govern the shear capacity of the full-scale beam. 
 
Figure B.4 Details of the nodal zone of the full-scale PPC girder. 
 
 Step 3: determine the capacity of the horizontal tension tie using Equation 8-3. A total of 
six prestressing strands with a cross-sectional area of each strand equal to 98.7 mm2 were placed 
in the full-scale beam. As mentioned earlier, the effective prestressing stress and average 
maximum stress within the strands were 896 MPa and 1275 MPa, respectively. Therefore, the 
capacity of the horizontal tension tie was calculated as 
 𝐹𝑛ℎ  =  𝑛𝐴𝑝𝑠(𝑓𝑝  −  𝑓𝑝𝑒) = 6 × 98.7 × (1275 −  896) = 224.4 kN 
 Step 4: determine the capacity of the vertical tension tie using Equation 8-4. For CFRP 
repair full-scale PPC girder, the load-carrying ability stemmed from the tensile strength of the 
concrete web, the yielding strength of the vertical stirrups and the tensile strength of the CFRP 
laminate. The tensile strength of the concrete was from the FE analysis of FRP repair in Chapter 
4, i.e. 3.17 MPa. From the test results of the full-scale girder, the projection of the inclined crack 
along the longitudinal direction of the beam was 609 mm. Two pairs of vertical stirrups crossed 
273 
 
by the shear crack were assumed to have yielded, reaching the yielding strength of 276 MPa. The 
section area of each pair of stirrups was 252.9 mm2. The effective strain of CFRP was calculated 
using Equation 8-5 through Equation 8-8. From the test setup of the full-scale testing, the 
effective depth of CFRP laminate was 686 mm and only two FRP panels were crossed by the 
inclined crack. The properties of the CFRP laminates were obtained from Table 4.1. So 𝜀𝐹𝑅𝑃 is 
calculated as 










 = 16 mm 










3 = 1.703 






 = 0.953 






 = 0.0022 ≤ 0.004 
 Hence, the capacity of the vertical tension tie was computed as 
 𝐹𝑛𝑣  =  𝑓𝑡𝑐𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣  +  𝛽𝑟𝑒𝑡𝑙𝐹𝑅𝑃𝐸𝐹𝑅𝑃𝜀𝐹𝑅𝑃  
 = 3.17 × 609 × 88.9 +  276 × 2 × 252.9 +  𝛽𝑟𝑒 × 2 × 1.24 × 559 × 89600 × 0.0022  
 = 311.2 + 273.3𝛽𝑟𝑒 (kN) 
 Step 5: determine the shear capacity of the CFRP repaired full-scale PPC girder using 
Equation 8-10. The inclination angle between the diagonal strut and the longitudinal direction 
was found to be 38°. As a result, the shear capacity of the small-scale beam was computed as 
 𝑃𝑆𝑇𝑀  = min(𝐹𝑛𝑠𝑠𝑖𝑛𝜃, 𝐹𝑛ℎ𝑡𝑎𝑛𝜃)  + 𝐹𝑛𝑣  
 = min(639.9𝑠𝑖𝑛38°, 224.4𝑡𝑎𝑛38°)  + (311.2 +  273.3𝛽𝑟𝑒) = 486.5 + 273.3𝛽𝑟𝑒 (kN) 
 Step 6: Obtain the reduction factor 𝛽𝑟𝑒. Based on the peak force (557.4 kN) from the full-
scale girder testing, the reduction factor of the CFRP repaired full-scale girder was computed as 
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 𝛽𝑟𝑒 = 
557.4 − 486.5
273.3
 = 0.26 
 
B.3 SHEAR PREDICTION OF AASHTO TYPE II PPC GIRDER 
One case with 𝜌𝑆𝑀𝐴 equal to 0.25% was utilized to demonstrate the process to predict the 
shear capacity of AASHTO Type II girder strengthened by SMA-PPP. The cross-section and 
internal reinforcement details of the AASHTO Type II PPC girder are illustrated in Figure 
B.5(a). Based on the geometry of the girder, the strut-and-tie model of the full-scale PPC girder 
is depicted in Figure B.5(b). The concrete compressive strength and the yielding stress of the 
vertical stirrups were the same values used in shear prediction of FRP repaired full-scale girder. 
  
(a) (b) 
Figure B.5 Strut-and-tie model of AASHTO Type II PPC girder: (a) cross-section; (b) layout 
of STM. 
 
 Step 1: determine the capacity of the diagonal compression strut using Equation 8-1. The 
width and depth of the compression strut was 279 mm and 152 mm, respectively. The effective 
factor ν from Foster and Gilbert (1996) was calculated as 
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 𝜈 = 
1




1.14 + (0.64 + 60/470)(1.25)2
 = 0.43 
 The capacity of the diagonal compression strut was computed as 
𝐹𝑛𝑠  =  𝜈𝑓′𝑐𝐴𝑠𝑐 = 0.43 × 60 × 279 × 152 = 1094.1 kN 
 Step 2: determine the capacity of the nodal zone using Equation 8-2. The nodal zone was 
identical to the one in section B.2 with the critical surface with a width 457 mm and a height of 
102 mm. Hence, the capacity of the nodal zone was computed as 
 𝐹𝑛𝑛  =  0.85𝛽𝑛𝑓′𝑐𝐴𝑛 = 0.85 × 0.8 × 60 × 102 × 457 = 1902 kN 
 It is noted that the strength of the nodal zone (𝐹𝑛𝑛) is significantly higher than that of the 
diagonal strut (𝐹𝑛𝑠) indicating that 𝐹𝑛𝑛 will not govern the shear capacity of the girder. 
 Step 3: determine the capacity of the horizontal tension tie using Equation 8-3. A total of 
six prestressing strands with a cross-sectional area of each strand equal to 98.7 mm2 were placed 
in the AASHTO Type II girder. The effective prestressing stress was kept the same as in section 
B.2, i.e. 896 MPa. For shear strengthening, the girder was allowed to be loaded until the 
prestressing strands reached the yielding stress. As a result, the maximum stress within strands 
was 1676 MPa. So, the capacity of the horizontal tension tie was calculated as 
𝐹𝑛ℎ  =  𝑛𝐴𝑝𝑠(𝑓𝑝  −  𝑓𝑝𝑒) = 6 × 98.7 × (1676 −  896) = 461.9 kN 
 Step 4: determine the capacity of the vertical tension tie using Equation 8-9. For SMA 
prestressed girder, the load-carrying ability originated from the tensile strength of the concrete 
web, the yielding strength of the vertical stirrups. The contribution of SMA prestressing was 
included in the tensile strength of the concrete web. Figure B.6 illustrates the stress contour from 
the FE analysis of the girder. As shown in Figure B.6(a), two pairs of stirrups with section area 
of each pair equal to 252.9 mm2 sustained yielding during loading. The final principal stress 
(𝑓𝑐_𝑓) within concrete web was the tensile strength of the concrete, i.e. 3.17 MPa. The initial 
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principal stress (𝑓𝑐_𝑖) could be either extrapolated from Figure 8.9(a) or calculated using 
Equation 8-11, i.e. -1.33 MPa.  
  
(a) (b) 
Figure B.6 Stress state of AASHTO Type II girder (𝜌𝑆𝑀𝐴 = 0.25%): (a) yielding of the vertical 
stirrups; (b) stress distribution of concrete web. 
 
 Figure B.6(b) shows that the projection of the inclined crack in the longitudinal direction 
was 685 mm. As a result, the capacity of the vertical tension tie was computed as 
𝐹𝑛𝑣  =  (|𝑓𝑐_𝑓|  +  |𝑓𝑐_𝑖|)𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣  
= (|3.17|  +  |−1.33|) × 685.8 × 152 +  276 × 2 × 252.9 = 608.7 kN 
 Step 5: determine the shear capacity of the SMA-PPP strengthened AASHTO Type II 
PPC girder using Equation 8-10. 
 The inclination angle between the diagonal strut and the longitudinal direction was found 
to be 38°. As a result, the shear capacity of the small-scale beam was computed as 
 𝑃𝑆𝑇𝑀  = min(𝐹𝑛𝑠𝑠𝑖𝑛𝜃, 𝐹𝑛ℎ𝑡𝑎𝑛𝜃)  + 𝐹𝑛𝑣  
 = min(1094.1𝑠𝑖𝑛38°, 461.9𝑡𝑎𝑛38°)  +  608.7 = 360.9 + 608.7 = 970 kN 
 
B.4 SHEAR PREDICTION OF AASHTO TYPE V PPC GIRDER 
 For AASHTO Type V PPC girder strengthened with SMA-PPP, the case with 𝜌𝑆𝑀𝐴 equal 
to 0.30% was utilized to demonstrate the process to predict shear capacity using the proposed 
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STM. Cross-section and internal reinforcement details of AASHTO Type II PPC girder are 
illustrated in Figure B.7(a). Based on the geometry of the girder, STM of the full-scale PPC 
girder is depicted in Figure B.8(b). Concrete compressive strength and yielding stress of vertical 
stirrups were the same as used in shear prediction of FRP repaired full-scale girder. 
  
(a) (b) 
Figure B.7 Strut-and-tie model of AASHTO Type V PPC girder: (a) cross-section; (b) layout 
of STM. 
 
 Step 1: determine the capacity of the diagonal compression strut using Equation 8-1. 
Width and depth of compression strut was 305 mm and 203 mm, respectively. Effective factor ν 
from Foster and Gilbert (1996) was calculated as 
𝜈 = 
1




1.14 + (0.64 + 60/470)(1.25)2
 = 0.43 
 The capacity of the diagonal compression strut was computed as 
𝐹𝑛𝑠  =  𝜈𝑓′𝑐𝐴𝑠𝑐 = 0.43 × 60 × 305 × 203 = 1597.4 kN 
 Step 2: determine the capacity of the nodal zone using Equation 8-2. The nodal zone is 
illustrated in Figure B.8 with a critical surface with a width of 711 mm and a height of 152 mm. 
Hence, the capacity of the nodal zone was computed as follows: 
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𝐹𝑛𝑛  =  0.85𝛽𝑛𝑓′𝑐𝐴𝑛 = 0.85 × 0.8 × 60 × 152 × 711 = 4409.3 kN 
 It is noted that the strength of the nodal zone (𝐹𝑛𝑛) is significantly higher than that of the 
diagonal strut (𝐹𝑛𝑠) indicating that 𝐹𝑛𝑛 will not govern the shear capacity of the girder. 
 
Figure B.8 Details of the nodal zone of AASHTO Type V PPC girder. 
 
 Step 3: determine the capacity of the horizontal tension tie using Equation 8-3. A total of 
16 prestressing strands with a cross-sectional area of 98.7 mm2/strand were placed in the 
AASHTO Type V girder to achieve same volume ratio of prestressing strands as in the 
AASHTO Type II girder. Effective prestressing stress (𝑓𝑝𝑒) and maximum stress (𝑓𝑝) was 896 
MPa and 1676 MPa, respectively. The capacity of the horizontal tension tie was calculated as 
𝐹𝑛ℎ  =  𝑛𝐴𝑝𝑠(𝑓𝑝  −  𝑓𝑝𝑒) = 16 × 98.7 × (1676 −  896) = 1231.8 kN 
 Step 4: determine the capacity of vertical tension tie using Equation 8-9. For girder 
retrofitted with PPP, the load-carrying ability originates from the tensile strength of the concrete 
web and the yielding strength of the vertical stirrups. The contribution of SMA prestressing was 
included in the tensile strength of the concrete web. As shown in Figure B.9(a), six pairs of 
stirrups with section area of each equal to 252.9 mm2 yielded during loading. The final principal 
stress (𝑓𝑐_𝑓) within concrete web was equal to the tensile strength of concrete, i.e. 3.17 MPa. The 
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initial principal stress (𝑓𝑐_𝑖) could be either extrapolated from Figure 8.9(b) or calculated using 
Equation 8-12, i.e. -1.57 MPa.  
   
(a) (b) 
Figure B.9 Stress state of AASHTO Type V girder (𝜌𝑆𝑀𝐴 = 0.30%): (a) yielding of vertical 
stirrups; (b) stress distribution of concrete web. 
 
 Figure B.9(b) shows that the projection of inclined cracks in the longitudinal direction 
was 1270 mm. Hence, the capacity of vertical tension tie was computed as 
𝐹𝑛𝑣  =  (|𝑓𝑐_𝑓|  +  |𝑓𝑐_𝑖|)𝑙𝑐𝑏𝑤  +  𝑓𝑦𝐴𝑠𝑣  
= (|3.17|  +  |−1.57|) × 1270 × 203 +  276 × 6 × 252.9 = 1640.8 kN 
 Step 5: determine the shear capacity of PPP strengthened AASHTO Type II PPC girder 
using Equation 8-10. The inclination angle between the diagonal strut and the longitudinal 
direction was found to be 37°. As a result, the shear capacity of the girder was computed as 
 𝑃𝑆𝑇𝑀  = min(𝐹𝑛𝑠𝑠𝑖𝑛𝜃, 𝐹𝑛ℎ𝑡𝑎𝑛𝜃)  + 𝐹𝑛𝑣  
 = min(1597.4𝑠𝑖𝑛37°, 1231.8𝑡𝑎𝑛37°)  +  1640.8 = 928.2 + 1640.8 = 2569.0 kN 
